This text provides a self-contained introduction to applications of loop repre- 
sentations and knot theory in particle physics and quantum gravity. 

Loop representations (and the related topic of knot theory) are of con- 
siderable current interest because they provide a unified arena for the study of 
the gauge invariant quantization of Yang-Mills theories and gravity, and sug- 
gest a promising approach to the eventual unification of the four fundamental 
forces. This text begins with a review of calculus in loop space and the funda- 
mentals of loop representations. It then goes on to describe loop representa- 
tions in Maxwell theory and Yang-Mills theories as well as lattice techniques. 
Applications in quantum gravity are then discussed in detail. Following chap- 
ters move on to consider knot theories, the braid algebra and extended loop rep- 
resentations in quantum gravity. A final chapter assesses the current status of 
the theory and points out possible directions for future research. 

This self-contained introduction will be of interest to graduate stu- 
dents and researchers in theoretical physics and applied mathematics. 
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Foreword 


For about twenty years after its invention, quantum electrodynamics re- 
mained an isolated success in the sense that the underlying ideas seemed 
to apply only to the electromagnetic force. In particular, its techniques 
did not seem to be useful in dealing with weak and strong interactions. 
These interactions seemed to lie outside the scope of the framework of 
local quantum field theory and there was a wide-spread belief that the 
best way to handle them would be via a more general, abstract S-matrix 
theory. All this changed dramatically with the discovery that non-Abelian 
gauge theories were renormalizable. Once the power of the gauge princi- 
ple was fully recognized, local quantum field theory returned to the scene 
and, by now, dominates our thinking. Quantum gauge theories provide 
not only the most natural but also the only viable candidates we have for 
the description of electroweak and strong forces. 


The basic dynamical variables in these theories are represented by 
non-Abelian connections. Since all the gauge invariant information in 
a connection is contained in the Wilson loops variables (i.e., traces of 
holonomies), it is natural to try to bring them to the forefront. This is 
precisely what is done in the lattice approaches which are the most suc- 
cessful tools we have to probe the non-perturbative features of quantum 
gauge theories. In the continuum, there have also been several attempts 
to formulate the theory in terms of Wilson loops. In the perturbative 
approach, it is known that Wilson loop “Schwinger functions” are finite 
to all orders after renormalization. This is a strong indication that they 
may be also mathematically meaningful in a non-perturbative treatment 
of the continuum theory. Since these are functions on an appropriate 
space of loops, one can derive differential equations they satisfy on that 
loop space. The hope is that once a complete set of equations is obtained, 
physical “boundary conditions” will lead to unique solutions which in turn 
will determine the theory. Thus, the space of loops offers a natural arena 
for the quantum theories of connections. 
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In the last few years, this relation between connections and loops has 
acquired another dimension. In these developments, the emphasis is on 
the Hamiltonian formulation. It turns out that there is a remarkable 
mathematical interplay between measures on the spaces of connections 
and functions on the loop space, which gives rise to a generalization of 
the Fourier transform, called the loop transform. This transform can be 
defined rigorously. As a result, quantum states can be regarded either 
as gauge invariant functions of connections or as suitable functions of 
loops. The loop picture suggests new strategies for defining operators 
and provides a number of new insights. 

Quite surprisingly, it turns out that these insights are especially useful 
while dealing with a force that one does not, normally, associate with 
theories of connections: gravity. General relativity is usually thought 
of as a theory of metrics and, therefore, quite removed from theories of 
other interactions. One can, however, think of it also as a dynamical the- 
ory of connections. This idea is not new. Indeed, such a reformulation 
was obtained already by Einstein and Schrodinger. In their new version, 
the Levi Civita connection is regarded as the basic variable; metric is a 
secondary, derived object. The problem was that the equations of the 
theory became more complicated. It turns out, however, that if one uses 
chiral connections in place of Levi Civita, the equations actually simplify. 
With this observation, general relativity moves closer to theories govern- 
ing other fundamental forces. As in other theories, one can now represent 
states of quantum gravity as functions of (chiral) connections or, via loop 
transform, of loops. Thus, the loop representation offers a unified arena 
for the quantum description of all four fundamental interactions. In the 
case of general relativity, further structures arise because physical states 
are required to be invariant under the action of diffeomorphisms. In the 
loop representation, they depend not on individual loops but also on the 
(generalized) knot to which the loop belongs. There is thus an unexpected 
interplay between loops, knots, gauge fields and gravity. 

This monograph is devoted to this interplay. The authors are eminently 
qualified to unfold this saga as they are among the leaders in the field. 
Indeed, many of the developments that I have alluded to are due to them 
and their close colleagues. They provide not only a comprehensive sum- 
mary of the entire subject, but, in the last few chapters, also a glimpse 
of two frontier areas of active research. Graduate students would find 
this unified treatment of a large subject extremely useful. More advanced 
researchers would be able to appreciate the fascinating confluence of ideas 
from particle physics general relativity and contemporary mathematics. 
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Preface 


Loops have been used as a tool to study classical and quantum Yang-Mills 
theory since the work of Mandelstam in the early 1960s. They have led 
to many insights concerning the non-perturbative dynamics of the theory 
including the issue of confinement and the lattice formulation. Since the 
inception of the Asthekar new variables, loop techniques have also found 
important applications in quantum gravity. Due to the diffeomorphism 
invariance of the theory they have led to surprising connections with knot 
theory and topological field theories. 

The intention in this book is to present several of these results in a com- 
mon framework and language. In particular it is an attempt to combine 
ideas developed some time ago in the context of Yang-Mills theories with 
the recent applications in quantum gravity. It should be emphasized that 
our treatment of Yang-Mills theories only covers a small part of all results 
obtained with loops: that which seems of most relevance for applications 
in gravity. 

This book should allow people from outside the field to gain access in a 
pedagogical way to the current state of the art. Moreover, it allows experts 
within this wide field with heterogeneous backgrounds to learn about 
specific results outside their main area of expertise and as a reference 
volume. It should be well suited as an introductory guide for graduate 
students who want to get started in the subject. 


Subjects in this area are being developed at two different levels: one 
more “mathematical”, related to constructive quantum field theory and 
the other more “physical” in which several subtleties are ignored in order 
to gain rapid insight into the theory. This book will largely concentrate 
on this latter approach. We will present in some detail the mathematics 
underlying loops but only at the level needed for a physicist to operate 
with the resulting formalism. 


Due to the rapid development of these ideas in recent times we wrote 


XV 
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this book with expediency in mind in order to offer it to the public as 
soon as possible. We ask readers to forgive any notational and conven- 
tions errors that might have arisen in this process. In spite of our efforts 
to deliver the book expediently, during the time it took to write it the 
field has already evolved. Although we have kept the manuscript updated, 
some aspects of the presentation may not be completely in line with cur- 
rent thinking. For instance, the recently pinpointed convergence issues 
of extended loops and their possible solutions are only briefly mentioned. 
The rapid development over the last few months of a measure theory in 
infinite-dimensional spaces and its impact on a rigorous definition of a 
loop representation is only briefly discussed in chapter 3 and its implica- 
tions for later chapters are ignored. A similar remark applies to the recent 
developments concerning the solution of the Mandelstam constraints in 
terms of spin network states and the possibility of having a basis of in- 
dependent loop states. We have tried to present a current outlook from 
our perspective in chapter 12, including very recent references to work in 
progress. 


Many people have contributed to make this book possible. We cannot 
attempt to exhaustively list all the colleagues from which we have bene- 
fited through discussions and interactions. We like to thank the colleagues 
with which we have had a closer interaction and whose ideas have cer- 
tainly left an imprint on this book: Abhay Ashtekar, Bernd Brügmann, 
Cayetano Di Bartolo, Jorge Griego, Jerzy Lewandowski, Jose Mourão, 
Carlo Rovelli, Lee Smolin and Antoni Trias. We also wish to thank Ab- 
hay Ashtekar, John Baez, John Baker, José Mourão, Peter Peldán, Carlo 
Rovelli, Thorsten Schwander, José Antonio Zapata and especially Bernd 
Brügmann and Jerzy Lewandowski for many useful comments about the 
manuscript. 


This work was supported in part by grants NSF-INT-94-06269, NSF- 
PHY-94-06269, NSF-PHY93-96246, NSF-PHY-92-07225, by an Alfred P. 
Sloan fellowship to JP and by research funds of the University of Utah, 
The Pennsylvania State University, the Eberly Family research fund, the 
PSU Office for Minority Faculty Development, Conicyt and PEDECIBA. 
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Holonomies and the 
group of loops 


1.1 Introduction 


In this chapter we will introduce holonomies and some associated con- 
cepts which will be important in the description of gauge theories to be 
presented in the following chapters. We will describe the group of loops 
and its infinitesimal generators, which will turn out to be a fundamental 
tool in describing gauge theories in the loop language. 

Connections and the associated concept of parallel transport play a 
key role in locally invariant field theories like Yang-Mills and general 
relativity. All the fundamental forces in nature that we know of may 
be described in terms of such fields. A connection allows us to compare 
points in neighboring fibers (vectors or group elements depending on the 
description of the particular theory) in an invariant form. If we know how 
to parallel transport an object along a curve, we can define the derivative 
of this object in the direction of the curve. On the other hand, given a 
notion of covariant derivative, one can immediately introduce a notion of 
parallel transport along any curve. 

For an arbitrary closed curve, the result of a parallel transport in general 
depends on the choice of the curve. To each closed curve y in the base 
manifold with origin at some point o the parallel transport will associate 
an element H of the Lie group G associated to the fiber bundle. The 
parallel transported element of the fiber is obtained from the original one 
by the action of the group element H. The path dependent object H (y) 
is usually called the holonomy. It has been considered in various contexts 
in physics and given different names. For instance, it is known as the 
Wu- Yang phase factor in particle physics. 

Curvature is related to the failure of an element of the fiber to return 
to its original value when parallel transported along a small closed curve. 
When evaluated on an infinitesimal closed curve with basepoint o, the 
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holonomy has the same information as the curvature at o. Knowledge of 
the holonomy for any closed curve with a base point o allows one, un- 
der very general hypotheses, to reconstruct the connection at any point 
of the base manifold up to a gauge transformation. An important fact 
about holonomies is their invariance under the set of gauge transforma- 
tions which act trivially at the base point. We will later show that this 
will imply that the physical configurations of any gauge theory can be 
faithfully and uniquely (up to transformations at the base point) repre- 
sented by their holonomies. They can therefore be used to encode all the 
kinematical information about the theory in question. 

Since the early 1960s several descriptions of gauge theories in terms of 
holonomies have been considered. They seem to be particularly well suited 
to study the non-perturbative features at the quantum level. In recent 
years interest in the non-local descriptions of gauge theories has been 
greatly increased by the introduction of a new set of canonical variables 
that allow one to describe the phase space of general relativity in a manner 
that resembles an SU(2) Yang-Mills theory. In fact, holonomies may well 
provide a common geometrical framework for all the fundamental forces 
in nature 

A generalization of the notion of holonomy may be defined intrinsically 
without any reference to connections. It will turn out that this point of 
view has more than a purely mathematical interest and is the origin of im- 
portant results that are relevant to the physical applications. Holonomies 
can be viewed as homomorphisms from a group structure defined in terms 
of equivalence classes of closed curves onto a Lie group G. Each equiva- 
lence class of closed curves is what we will technically call a loop and the 
group structure defined by them is called the group of loops. 

The group of loops is the basic underlying structure of all the non-local 
formulations of gauge theories in terms of holonomies. In particular, 
when quantizing the theory, wavefunctions in the “loop representation” 
are really functions dependent on the elements of the group of loops*. This 
is the physical reason why it is important to understand the structure 
of the group of loops, since it is the “arena” where the quantum loop 
representation takes place. 

In spite of the fact that the group of loops is not a Lie group, it is pos- 
sible to define infinitesimal generators for it. When they are represented 
in the space of functions of loops, they give rise to differential operators 
in loop space. Some of these operators have appeared in various physical 
contexts and have been given diverse names such as “area derivative”, 


* In this context the group of loops is usually referred to as “loop space” and we will loosely 
use this terminology when it does not give rise to ambiguities. Notice that it is not related 
to the “loop groups” in the main mathematical literature. 
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“keyboard derivative”, “loop derivative”. In most of these presentations 
the group properties of loops were largely ignored and this resulted in var- 
ious inconsistencies. In the approach we follow in this chapter all these 
operators arise simply and consistently as representations of the infinites- 
imal generators of the group of loops. 

In many presentations, loop space is formulated with parametrized 
curves. In this context differential operators are usually written in terms 
of functional derivatives. The group structure of loops is hidden by these 
formulations and it is easy to overlook it, again leading to inconsistencies. 
In this book we will deal with unparametrized loops which allow for a 
cleaner formulation, only resorting to parametrizations for some particu- 
lar results. 

This chapter is structured in the following way. In section 1.2 we de- 
fine the group of loops and discuss its topology and its action on open 
paths. In section 1.3 we introduce the infinitesimal generators of the group 
and their differential representation. We also introduce differential oper- 
ators acting on open paths. In section 1.3.3 we introduce the connection 
derivative, its relation to the loop derivative and to usual notions of gauge 
theory. In section 1.3.4 we discuss the contact and functional derivatives 
in loop space and their relations with diffeomorphisms. In section 1.4 we 
introduce the idea of representations of the group of loops in a Lie group 
and we retrieve the classical kinematics of gauge theories. We end with a 
summary of the ideas developed in this chapter. 


1.2 The group of loops 


We start by considering a set of parametrized curves on a manifold M 
that are continuous and piecewise smooth. A curve p is a map 


Pp: (0, s1] U [s1, s2]--+ [Sn—1, 1] — M (1.1) 


smooth in each closed interval [s;, Si+1] and continuous in the whole do- 
main. There is a natural composition of parametrized curves. Given two 
piecewise smooth curves pı and po such that the end point of pı is the 
same as the beginning point of pọ, we denote by pı © p2 the curve: 


_ f pi(2s), for s € [0, 1/2] 
PLS) l po(2(s —1/2)) for s € [1/2,1]. (1.2) 
The curve traversed in the opposite orientation (“opposite curve”) is 
given by 
p ‘(s) := p(1 — s). (1.3) 


In what follows, we will mainly be interested in unparametrized curves. 
We will therefore define an equivalence relation by identifying the curve 
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p and po ¢ for all orientation preserving differentiable reparametrizations 
p : [0,1] — [0,1]. It is important to note that the composition of un- 
parametrized curves is well defined and independent of the members of 
the equivalence classes used in their definition. 

We will now consider closed curves l,m, ..., that is, curves which start 
and end at the same point o. We denote by L, the set of all these closed 
curves. The set Lo is a semi-group under the composition law (I,m) — 
lom. The identity element (“null curve”) is defined to be the constant 
curve 1(s) = o for any s and any parametrization. However, we do not 
have a group structure, since the opposite curve l7! is not a group inverse 
in the sense that lo l7}! Æ i. 

Holonomies are associated with the parallel transport around closed 
curves. In the case of a trivial bundle the connection is given by a Lie- 
algebra-valued one form A, on M. The parallel transport around a closed 
curve l € Lo is a map from the fiber over o to itself given by the path 
ordered exponential (for the definition of path ordered exponential see 
reference [1]), 


H,(l) = Pexp J Aa(y)dy®. (1.4) 


In the general case of a principal fiber bundle P(M,G) with group G 
over M the holonomy map is defined as follows. We choose a point 6 in 
the fiber over o and by using the connection A we lift the closed curve l 
in M to acurve / in P such that the beginning point is 


i(0) =6 (1.5) 
and the end point is given by 
i(1) =1(0)Ha(d), (1.6) 
which defines H,(l). The holonomy H4 is an element of the group G and 
the product denotes the right action of G. The main property of H4 is 
Ha(lom) = Ha(l)Ha(m). (1.7) 


A change in the choice of the point on the fiber over o replacing ô for 
6! = ôg induces the transformation 


H4 (1) = 97 Hall). (1.8) 


In order to transform the set Lo into a group, we need to introduce a 
further equivalence relation. The rationale for this relation is to try to 
identify all closed curves leading to the the same holonomy for all smooth 
connections, since curves with the same holonomy carry the same infor- 
mation towards building the physical quantities of the theory. The classes 
of equivalence under this relation are what we will from now on call loops 
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and we will denote them with Greek letters, to distinguish them from the 
individual curves which form the equivalence classes. Several definitions 
of this equivalence relation have been proposed. Each of them sheds some 
light on the group structure so we will take a minute to consider them in 
some detail. 


Definition 1 
Let 


Ha: Lọ > G (1.9) 


be the holonomy map of a connection A defined on a bundle P(M,G). 
Two curves l,m € Lo are equivalent [2] [4] 1 ~ m iff 


Ha(!) = Ha(m) (1.10) 
for every bundle P(M,G) and smooth connection A. 


Definition 2 

We start by defining loops which are equivalent to the identity. A closed 
curve l is called a tree[5| or thin [6] if there exists a homotopy of l to the 
null curve in which the image of the homotopy is included in the image 
of l. This kind of curves does not “enclose any area” of M. Two closed 
curves l,m € Lo are equivalent | ~ m iff om is thin. Obviously a thin 
curve is equivalent to the null curve. 


Definition 3 [7] 
Given the closed curves | and m and three open curves pı, pg and q 
such that 


l= pı Oo D2 (1.11 
m =p; oqo q7} opz (1.12) 


then l ~ m. 

There is a fourth definition, due to Chen [7], that requires the use of 
a set of objects (Chen integrals, which we will call “loop multitangents” ) 
that we will define in chapter 2, but we will not discuss it here. 

It can be shown that definitions 2 and 3 are equivalent. Moreover, 
it is also immediate to notice that two curves equivalent under defini- 
tions 2 or 3 are also equivalent under definition 1. The reciprocal is not 
obvious. Partial results can be found in reference [7] and a complete 
proof for piecewise analytic curves has been presented by Ashtekar and 
Lewandowski [40]. 

With any of these definitions one can show that the composition be- 
tween loops is well defined and is again a loop. In other words if a = [I] 
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Fig. 1.1. Curves p and p’ differ by a tree. The composition of a curve and its 
inverse is a tree. 


and B = [m] then ao p = |l o m] where by [] we denote the equiva- 
lence classes. From now on we will denote loops with greek letters, to 
distinguish them from curves". 

Notice that with the equivalence relation defined, it makes sense to 
define an inverse of a loop. Since the composition of a curve with its 
opposite yields a tree (see figure 1.1) it is natural, given a loop a, to 
define its inverse a~! by ao a! = where is the set of closed curves 
equivalent to the null curve (thin loops or trees). a! is the set of curves 
opposite to the elements of a. 

We will denote the set of loops basepointed at o by Lo. Under the 
composition law given by o this set is a non-Abelian group, which is 
called the group of loops. 

A well known result [5] is that any homomorphism, 


Lo E G, (1.13) 


where G is a Lie group, defines a holonomy associated with a “general- 
ized” connection. By generalized we mean that the connection will not, 
in general, be a smooth function (for instance it could be distributional or 
worse). One can, by imposing extra smoothness conditions [6, 4] on the 
homomorphism, ensure that a differentiable principal fiber bundle and a 
connection are defined such that H is the holonomy of this connection. 
Recall that under a homomorphism, the composition law of the group of 
loops is mapped onto the composition law of the Lie group G, 


H(a o B) = H(a)H (b), (1.14) 


t Notice that in this book we will use the word loop in a very precise sense, denoting the 
holonomic-equivalent classes of curves. Other equivalences can be considered. The idea 
of a group of loops has appeared in other unrelated contexts [42]. For this reason some 
authors have proposed calling the holonomic equivalence classes “hoops” to avoid confusion 


[3]. 


1.3 Infinitesimal generators of the group of loops 7 


and that inverses are mapped to each other, 
H(a™) = (H(a))7}. (1.15) 


We will come back to this property in section 1.4 when we discuss the 
infinitesimal generators and their relations to the physical quantities. 

From now on we will routinely use functions of loops, such as the holon- 
omy that we just introduced. Obviously, not any function of curves qual- 
ifies as a function of loops. An immediate example of this would be to 
consider the length of a curve, which takes different values on the different 
curves that form the equivalence class defining a loop. 

It is useful to introduce a notion of continuity in loop space, since we 
will be frequently using functions defined on this space. We will define 
two loops a and £ to be close, in the sense that a in a neighborhood U,() 
if there exist at least two parametrized curves a(s) € a and b(s) € 8 such 
that a(s) € U.(b(s)) with the usual topology of curves in the manifold?. 
With this topology, the group of loops is a topological group. 

It is convenient for future use to introduce an equivalence relation for 
open curves similar to the one we introduced for closed curves. We will 
call the equivalence classes of open curves “paths”. Given two open curves 
p3 and q3 from the basepoint to a point z in the manifold, we will define 
these curves to be equivalent iff piq to is a tree’. We will denote paths 
with Greek letters as we do for loops, but indicating the origin and end 
points, as in a%. Given two different paths starting and ending at the 
same points, it is immediate to see that the composition of one with the 
opposite of the other is a loop. Analogously one can compose loops with 
paths to produce new paths with the same end points. Furthermore, the 
notion of topology introduced for loops can immediately be generalized to 
paths. However, paths cannot be structured into a group, since it is not 
possible to compose, in general, two paths to form a new path (the end 
of one of them has to coincide with the beginning of the other in order to 
do this). 


1.3 Infinitesimal generators of the group of loops 


We will now consider a representation of the group of loops given by 
operators acting on continuous functions under the topology introduced 
in the previous section. We will introduce a set of differential operators 


t Lewandowski [4], elaborating on a suggestion by Barrett [6] has introduced a topology 
defined in terms of homotopies of loops. The group of loops endowed with this topology 
is a topological Haussdorff group. | 

$ From now on we will interchangeably use the notations g~1% and q2 to designate the same 
object, the curve q traversed from z to o. A similar convention will be adopted for paths. 
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Fig. 1.2. The infinitesimal loop that defines the loop derivative. 


acting on these functions that are related to the infinitesimal generators of 
the group of loops, in terms of which one can construct the elements of the 
group. In later chapters we will show that these operators are related to 
physical quantities of gauge theories. Although the explicit introduction 
of the differential operators will be made in a coordinate chart, we will 
show that the definitions do not depend on the particular chart chosen. 
A more intrinsic definition, also making use of the properties of the group 
of loops has been proposed by Tavares [43]. 


1.3.1 The loop derivative 


Given U(y) a continuous, complex-valued function of Lo we want to con- 
sider its variation when the loop y is changed by the addition of an in- 
finitesimal loop ôy basepointed at a point x connected by a path r3 to 
the basepoint of y, as shown in figure 1.2. That is, we want to evalu- 
ate the change in the function when changing its argument from y to 
nmg 00yo72 oy. In order to do this we will consider a two-parameter 
family of infinitesimal loops éy that contain in a particular coordinate 
chart the curve obtained by traversing the vector u° from z* to t° + €,u", 
the vector v? from T° + equ? to T° + eiu? + €gu", the vector —u* from 
T? + Eu? + eov? to T? + ev? and the vector —v® from z? + eov? back to 
x° as shown in figure 1.2. We will denote these kinds of curves with the 
notation! dudvdudd. 


T In order not to clutter the notation we will not distinguish between curves and paths here. 
We also drop the e; dependence of each path. The path 6u = (6u)—?. 
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For a given r and y a loop differentiable function depends only on the 
infinitesimal vectors eu^ and €2v*. We will assume it has the following 
expansion with respect to them, 


(rg o 6yo nzO Y) = U(y) + €1u°Qa(m5) Y(y) + ev" Pa(1d) L(y) 
+$e1€o(utv’ + vtu’) Sa5(17) 0 (7) 
+$e1€2(u7v" — vfu’) Ago(m2)U(4). (1.16) 


where Q, P, S, A are differential operators on the space of functions Ẹ (y). 
If €1 or €2 vanishes or if u is collinear with v then 6y is a tree and all the 
terms of the right-hand side except the first one must vanish. This means 
that Q = P = S = 0. Since the antisymmetric combination (u%v? — vtu?) 
vanishes, A need not be zero. That is, a function is loop differentiable if 
for any path r3 and vectors u,v, the effect of an infinitesimal deformation 
is completely contained in the path dependent antisymmetric operator 


Aab(To), 
U(n5 o ôy o rg o y) = (1 + 30% (x) Aas(m5)) ¥(y), (1.17) 


where o%®(x) = 2€,€9(ul*v®l) is the element of area of the infinitesimal 
loop ôy. We will call this operator the loop derivative. 

Notice that we have proved that for an arbitrary function of loop space, 
one does not have contributions from the terms Q, P, S in the expansion 
(1.16). If one considers functions of curves rather than of loops, these 
terms will in general be present. As an example, they are present if one 
considers the function given by the length of the curve. On the other hand, 
not every function of loop space is differentiable. For instance, we will see 
when we consider knot invariants — functionals of loops invariant under 
smooth deformations of the loops — that they are not strictly speaking 
loop differentiable. The reason for this is that sometimes appending an 
infinitesimal loop could enable us to change the topology of the knots and 
therefore to induce finite changes in the values of the functions. 

Loop derivatives of various kinds were considered by several authors. 
The idea was introduced by Mandelstam [8]. Later generalizations can be 
found in the work of Chen [7], Makeenko and Migdal [10, 12], Polyakov 
[44], Gambini and Trias [13, 14, 15], Blencowe [16] and Briigmann and 
Pullin [26]. Other references can be found in Loll [17]. The various 
definitions are not equivalent, and many of them refer to objects that are 
in reality different from the loop derivative we are defining here. One of 
the main differences is that in many treatments the infinitesimal loop, 
instead of being appended at an arbitrary fixed point of the manifold 
defined by a path 73 as is our case, is appended to a point that lies 
on the loop. Since one is considering functions of arbitrary loops that 
means that the point where the derivative acts has to be redefined when 
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considering its value on a new loop. In other words, the domain of the 
function that results when applying these kinds of derivatives is not the 
loop space defined in section 1.2, but the space of loops with a marked 
point. Makeenko and Migdal [12] noticed this fact and this drove them 
to call it “keyboard derivative.” 

Notice that this is not the case for the derivative we defined. The 
result of the application of the loop derivative to a function of a loop 
is also a function of a loop. For each arbitrary open path there is a 
different derivative. For these definitions to work it is crucial to have a 
basepoint, which provides a fixed point for any loop on which to attach 
the open path that defines the derivative. These considerations are of 
crucial importance. For instance, we will soon prove that our derivative 
satisfies Bianchi identities, a fact that cannot be proven for derivatives 
that act only on points of the loop. The relevance of the group of loops 
and the path dependence of the loop derivative were first recognized by 
Gambini and Trias [13, 15]. 

At the end of section 1.2 we noted that the elements of the group of 
loops have a natural action on open paths, giving as a result a deformation 
of the path. We can immediately find an example of this fact in terms of 
a differential operator defined by simply extending the definition of the 
loop derivative (1.17) to give for open paths 


WU (m5 o ôy ong oy) = (1+ 90% (xz) Aas(75)) Y (99). (1.18) 


We will take some notational latitude to give the same name to the loop 
derivative acting on paths and on loops. In all cases the context will 
uniquely determine to which derivative we are referring. Notice that this 
extension to open paths is not at all clear for derivatives that depend on 
a point of the loop as is the case of the “keyboard derivative”. 


1.3.2 Properties of the loop derivative 


e Tensor character. By its very definition, (1.17), it is immediate to see 
that the loop derivative has to behave as a tensor under local coordinate 
transformations containing the end point of the path r3 for loop differ- 
entiable functions. One need just require that the whole expression be 
invariant and notice that the loop derivative is contracted with the tensor 
o®. Therefore by quotient law, it must be a tensor. Notice that the 
loop derivative is really associated with the surface spanned by du* and 
dv® rather than with the individual infinitesimal vectors, being invariant 
under vector transformations that preserve the element of area. 


e Commutation relations. The loop derivatives are non-commutative 
operators. This, as we will see later, is naturally associated with the fact 
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Fig. 1.3. The two paths used to compute the commutation relation 


that they correspond to the generators of a non-Abelian group. Their 
commutation relations can be computed directly from the geometric prop- 
erties of the group of loops in the following way. Consider two infinitesimal 
loops 671, 6n2 given by 

én, = To O budvédudvon, and én = xý 0 dgérégér o x (1.19) 


and with area elements 


a,b ayb) 


o% = ejeg(utv? — vtu’) and o% = e3e4(q*r? — r2q°). (1.20) 


Then we can derive the following relation: 
T(n © nz o (fm)! o (n2)! o y) = (1 + Sof? Aao(27)) 
x (1+ d084Aca(x¥))(1 — tot Aesl(rz)) (1 — 403" Agn(x¥)) U(y) = 
(1 + totogi] o(a o) Aca(xX3)]) ¥ (7). (1.21) 


The first equality follows from the definition of the loop derivative and 
of the loops 6n;. To prove the second, one expands keeping only terms of 
first order in each e; and neglecting those of order eĉ. 

We will now define an open path by composing the two paths we have 
been using 


X” = 6m o x}. (1.22) 


This allows us to rewrite the loop composed by the first three loops in 
the argument of W in the left-hand side of equation (1.21) as 


nı o dng o (ôm)! = x” 0 ôqórógórF o Ko (1.23) 
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Therefore, 
T(n o nz o (6m) ~} o (5n2)7* o y) = 
(1 + 509’ Aal- o Aca(x¥)) (7). (1.24) 


And again expanding in es and keeping only the first order in each c; 
we get 


(1 + 503? Aas(x's)) (1 — 505° Acal xt) ¥() = 
(1 + toto Aalt) [Aca(x¥)]) Uy), (1.25) 


where in the last expression Aap(T?)[Aca(x2)] represents the action of the 
first loop derivative only on the path dependence of the second derivative. 
All this implies 


[A(T ), Aca(x3)] = Acal X2) lAa (T3 )], (1.26) 
from which it is immediate to show that 
AablTo ) [Acal xi) = -Acal xt) lAa (T). (1.27) 


These expressions highlight the path dependence of the loop derivative, 
in the sense that they express the variation of the derivative when the path 
is varied. We will see at the end of this subsection how these expressions 
can be naturally interpreted as a group commutator when we prove that 
the loop derivative is a generator of the group of loops. 

This commutation relation can be viewed in a different light by consid- 
ering its integral expression. In order to do this, we will introduce a loop 
dependent operator U (a) on the space of functions of loops which has the 
effect of introducing a finite deformation in the argument of the function, 


U(a)t (y) = (ao). (1.28) 
The operator has a naturally defined inverse, 
U(a) t! = U(a"4), (1.29) 
and has a natural composition law, 
U(a)U(8)¥(7) = U (a ° B)¥(y). (1.30) 


We now consider the action of the loop derivative evaluated along a de- 
formed path, shown in figure 1.4, on a function of loop, and applying the 
definition of loop derivative (1.17) we get 


(1+ d0%Ags(a o n2))U(7) = Pao nt oôyor2oa toy), (1.31) 


where 67 is the infinitesimal loop associated with the area element o®. 
We then use the definition of the operator U (1.28) to get 


(aort obyon? oa! oy) = U(a)(1+ 40% Agy(n®))U (a) tE (7), (1.32) 
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Fig. 1.4. The deformed path used to derive the integral expression of the 
commutation relations 


from which we can read off the identity, 
Aala o t?) = U(a)Ags(22)U (a) t, (1.33) 


which expresses the transformation property of the loop derivative under 
finite deformations of its path dependence. We will see at the end of this 
chapter that this expression is the reflection in the language of loops of 
the gauge covariance of the field tensor in a gauge theory. 


e Bianchi identities. There is a second set of relations that again can be 
directly obtained from the geometric properties of the group of loops. One 
can readily see that they are a reflection of the usual Bianchi identities 
of Yang-Mills theories. In order to describe them we need to introduce 
a new differential operator, which we will call the end point derivative or 
Mandelstam covariant derivative [8], that acts on functions of open paths. 


Given a function of an open path (2%), a local coordinate chart at the 
point x and a vector in that chart u*, we define the Mandelstam derivative 
by considering the change in the function when the path is extended from 
x to x + eu by the infinitesimal path óu shown in figure 1.5 as 


U(r o ĝu) = (1 + eu" Da) VU (a5). (1.34) 


We denote the new path as 77+. If one performs a coordinate trans- 
formation, noting that ceu? is a vector and applying the quotient law, it 
is immediate to see that D, transforms as a one-form. 

Having introduced this operator, we are now ready to derive the Bianchi 
identity. As usual, the fundamental idea is that “the boundary of a bound- 
ary vanishes”. In the group of loops language, this can be expressed by 
considering a thin loop v. A representative curve of this loop has the 
shape of a box with sides du, dv and ów, connected to the origin by the 
path r% as shown in figure 1.6. 


14 1 Holonomies and the group of loops 


O 


Fig. 1.5. The extended path defining the Mandelstam derivative 


ow 


dv 


QO 


Fig. 1.6. The loop used to derive the Bianchi identity for the loop derivative. 


The curve ôu represents paths that go from a generic point z to x + €,u 
and similarly for ôv and w with increments cov and e3w respectively. 
Explicitly, 


L = n} o budvdwdvd6wbU o n, on, o budwdudw o r, 


5 O OWOVSWOHU O TE 


om, 0 bwbudvdudvew o 12 o 15 
5 o OvdUdvdu o 72. (1.35) 


O T 
om, 0 dbvdwdubWdudd o T, OnT 


Now, since z is a tree and therefore indistinguishable from the identity 
loop, we have 


vy) = W(coy) Vy. (1.36) 


Noting that the tree is built by six infinitesimal loops (the “faces” of 
the box shown in figure 1.6), each connected to the origin via the path a 
and the “sides” of the box, we can rewrite this identity in terms of loop 
derivatives as 
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W(y) = (1 + eze3v w Ago (TZT) (1 + eregu wt Acaln?)) 
x (1+ ejezutvt Aep (n2*))(1 + eze2w u" Ag,(77)) 
x (1+ ezerw u Ay; (m3 +?”)) (1 + ezerv"u' An(a3))Y (Y). (1.37) 


Collecting the terms of first order in each €;, applying the definition of 
the Mandelstam derivative and noting that u,v,w are arbitrary we get 
the final form of the Bianchi identities for the loop derivatives, 


DaAoe(m5) + DeAca(m5) + DceAa lT) = 0. (1.38) 


We will soon see applications of the above derived identities and their 
crucial role in the formulation of gauge theories in terms of loops. 


e The Ricci identity. Consider the action of four Mandelstam covariant 
derivatives along the vectors u,v on a function of an open path ¥(r?). 
Keeping the terms of first order in €,€2 in the left-hand side of the next 
expression we get 


(1 + €,u?Dg)(1 + e20? Dp) (1 — €,u°D-)(1 — evf Da) U(x) = 
(1 + €,€Qu*v"[Dg, Dp]) Y (17). (1.39) 


The action of the four covariant derivatives is equivalent to appending 
an infinitesimal loop at the end of the path 77 and therefore can be written 
in terms of the loop derivative, 


[Da, Do] E (m5) = Aalia) Y (T0). (1.40) 


This expression is the loop analogue of the usual expression of the com- 
mutator of covariant derivatives in terms of the curvature and we will 
again see its implications for gauge theories at the end of this chapter. 


e The loop derivative as a generator of the group of loops. Let 
us now show that we can, by superposition of loop derivatives, gener- 
ate any finite loop homotopic to the identity. We need to introduce a 
parametrization for this proof. Let y(s) be a parametrized curve be- 
longing to the equivalence class defining the finite loop y with s € [0,1]. 
Consider a one-parameter family of parametrized loops 7(s, t) interpolat- 
ing smoothly between y(s) and the identity loop, such that 7(s,0) is in 
the equivalence class of the identity loop and 7(s,1) = y(s). Consider 
the curves n(1,s) (= y(s)) and n(1 —,s). The two curves are drawn 
in figure 1.7 and differ by an infinitesimal element of area. The whole 
purpose of our proof will be to cover the infinitesimal area separating the 
two mentioned curves with a “checkerboard” of infinitesimal closed curves 
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yn) 


Fig. 1.7. The construction of a finite loop from the loop derivative. The curves 
ôn; are determined by two elements in the family 7/(t). 


such that along each of them one can define a loop derivative. One can 
therefore express the curve y(s) as 


y(s) = lim n(s,1 — e€) o q 0---0 dn, (1.41) 


where the ôn; are shown in figure 1.7. Analytically, in terms of differential 
operators on functions of loops we can write 


U(n(1)) = Y(n(1 — €)) 
1 
e $ dsf (1 — e, s)? (1 — €, 85)Aa(n(1 — €)£)Y(n(1 — €)), 
(1.42) 


where 7(t,s) = dn(t,s)/ds and n'(t,s) = dn(t,s)/dt It is immediate to 
proceed from 7(1 — €, s) inwards just by repeating the same construction, 
and so continuing until the final curve is the identity. The end result is 


UND) = Texp ( | dtf asi, s)nl%(t,s)Aan(n(t)s)¥(n(0))) (143) 


where the outer integral is ordered in t (T-ordered). This result is the 
loop version of the non-Abelian Stokes theorem of gauge theories [18] and 
it shows that the loop derivative is a generator of loop space, i.e., it allows 
us to generate any finite loop homotopic to the identity. 

Notice that the expression for the finite element of the group involves a 
superposition of an infinite number of generators associated with different 


ll We drop the s dependence of 7 where it is not relevant. 
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paths. This is not the usual situation that one encounters in Lie groups, 
where it is enough to exponentiate one generator to obtain any element 
of the group. This is another indication of the non-Lie character of the 
group of loops. It is a direct consequence of the impossibility of defining 
a non-integer number of powers of 67. 

Finally, identifying the loop derivative as a generator of the group of 
loops allows us to rewrite in a revealing form the commutation relations 
of the loop derivatives. Applying the definition of the loop derivative, 
equation (1.26) can be cast in the following way 


[Aas (775), Acal xt) = jim, = (Aea(6m o x3) — Aca(x3)), (1.44) 


which is the usual expression of the commutator in terms of a linear 
combination of elements of the algebra. So we see that the group of loops 
formally obeys commutation relations similar to those of a Lie group. 


1.8.3 Connection derivative 


In section 1.3.1 we introduced the loop derivative. We saw in the previous 
section that this operator has several properties resembling those of the 
curvature or field tensor of a gauge theory. We will now introduce a differ- 
ential operator with properties similar to those of the connection or vector 
potential of a gauge theory [14, 15, 4]. This operator appears naturally 
as an intermediate step in the construction of gauge theories from the 
group of loops. Although one could formulate a gauge theory completely 
in terms of the path dependent loop derivative alone, the treatment that 
we will follow will lead us to a more familiar formulation of gauge theories. 

Let us consider a covering of the manifold with overlapping coordinate 


patches. We attach to each coordinate patch P? a path no going from 
the origin of the loop to a point y in Pt. We also introduce a continuous 
function with support on the points of the chart P* such that it associates 
to each point x on the patch a path Tyi . Given a vector u at x, the 


connection derivative of a continuous function of a loop ¥(y) will be 
obtained by au ae: the deformation of the loop given by the path 


T” O Tyi o ĝu o T” ey © T°; shown in figure 1.8. The path óu goes from 


Yo 
x to x + eu. We will say that the connection derivative 6g exists and is 
well defined if the loop dependent function of the deformed loop admits 


an expansion in terms of eu’ given by 
WU (ne ofu o Topey © Y) = (1+ euba(x)) ¥(y), (1.45) 


i 
where we have written 17 to denote the path 7° o Tyi and similarly for 
0 
its inverse. 
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O 


Fig. 1.8. The path that defines the connection derivative 


The definition of the connection derivative can be immediately extended 
to act on functions of open paths, in a similar way to that used for the 
loop derivative. We will take some notational latitude to give the same 
name to the connection derivative acting on functions of paths or loops. 
In all cases the context will uniquely determine to which derivative we 
are referring. 

Notice that the deformation introduced in order to define the connec- 
tion derivative could have been generated by application of successive 
loop derivatives, as seen in the non-Abelian Stokes theorem. This implies 
that any function that is loop differentiable should be connection differ- 
entiable, and that there is a natural relation between the two derivatives. 
We will now prove the converse relation between the connection and loop 
derivatives. It will be quite reminiscent of the well known relation be- 
tween the connection and the curvature (or vector potential and field) 
in a gauge theory. In order to do this, let us start by considering the 
following identity in loop space, 


by = 15 O budvdudd o Ty 


— r? o t+eu 
= 15 O ÔU O Thi ONo O OU 
o r+elu+eou — oO r+eEQuU — O 
OT vader o o OU O M34 eoyMo o ôU orz, (1.46) 


corresponding to the path shown in figure 1.9. Notice that the first defi- 
nition is written in such a way that it has the structure of the paths we 
have used to define loop derivatives, whereas the second has the form of 
the paths used to define connection derivatives. Specifically, it implies 
the following identity between differential operators, 


(1 + €yegu2v’ Agy(m7)) T (y) = (1 + e1u%6q(x))(1 + ezv’ (x + cu)) 
x (1 — €;u°6,(x + eru + €gv))(1 — egu454(x + €gv)) (7). (1.47) 
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Fig. 1.9. The path that defines the relation between connection derivatives and 
loop derivatives. 


We now expand to first order in €,€2 and get 
Aab(To) = dao (x) = Op6a(x) + [ba (£), 6o(x)]. (1.48) 
Notice that we have obtained the loop derivative for the path 75 given 


by no O Tyi . This path is uniquely prescribed by the function defining the 
0 


connection derivative. The loop derivative defined by (1.48) automatically 
satisfies the Bianchi identities due to the fact that it is obtained by a 
construction in loop space that is totally similar to that used to derive 
the identities themselves. M 

The idea of introducing the connection derivative was to provide us 
in the language of loops with a notion of connection or vector potential 
similar to that of gauge theories. However, the connection in a gauge 
theory is gauge dependent. How does this dependence manifest itself in 
the language of loops? It does so through the choice of prescription of 
path used to compute the connection derivative. We will now study this 
in some detail. | 

Let us consider a connection derivative at a point x and two prescrip- 
tions for choosing the path from the origin to x, given by the continuous 
functions 77 = f(z) and x2 = g(x), as shown in figure 1.10. 

We again consider two equivalent paths in the group of loops, 


9 Xosa (1.49) 


We also introduce a point dependent operator U (x) constructed from the 
loop dependent deformation operator U (y) defined in (1.28) and the loop 


o r+eu 


£ o ee oO x 
Xo © ÔU O Xo ey = Xo © Tg O To O OUST oy O To 
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Fig. 1.10. The path dependence of the connection derivative. 


associated with the point z, x3 o 72, by U(x) = U(x o 2). This gives 
the identity between operators: 


(1+ eur 6) (x))U(y) = U(x)(1 + eutl") (x))UT! (x + eu)® (y). (1.50) 


From which we can immediately compute the change in the connection 
derivative due to a change in the prescription of the path, 


6%) (x) = U(x) 66") (x)U (x£)? + U (£)ð3aU (£)7}, (1.51) 


and we see that it is totally analogous to the transformation law for a 
gauge connection under changes of gauge. 

The usual relation between connections and holonomies in a local chart 
in a gauge theory can also be written in this language. This relation is just 
an expression of the fact that the infinitesimal generators associated with. 
connections allow us to construct finite loops. As shown in figure 1.11 
one uses infinitesimal increments generated by the connection derivative 
to build a loop. The expression of this fact in loop space is 


a tim. 671 0 Y2 O -O Yn, (1.52) 


where yi = nžiðuin? eu; and this relation connects the deformation 
operator with the connection derivative, 


U(y) = lim (1 + (z2 — t1)°6a(x1)) 
x(1 + (£3 — £2)%ba(%2)) +--+ (1 + (£1 — £k)*fa(1)). (1.53) 


We can rewrite the above expression as the following path ordered 
exponential, 


U(7) = P exp ( [ dy*6a(y)) ; (1.54) 


This again is reminiscent of the familiar expression for gauge theories, 
which yields the holonomy in terms of the path ordered exponential of a 
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Fig. 1.11. How to generate a finite loop using the infinitesimal generators. 


connection. 


1.3.4 Contact and functional derivatives 


The differential operators that we have introduced up to now are char- 
acteristic of the group structure of the group of loops and find no direct 
analogues in the space of parametrized curves. It is worthwhile analyz- 
ing whether there is any relation between these operators and the usual 
functional derivative 6/ép(s) acting on functionals of parametrized curves 
W[p(s)]. The operator in loop space that allows us to make this connec- 
tion is the contact derivative C,(x), which plays an important role in 
diffeomorphism invariant theories, as we will see later. 

We define the contact derivative of a function of loops in terms of the 
expression 


Ca(a)¥(7) = f dy?6(x — y) Aal) E), (1.55) 


where y¥ is the portion of the loop y going from the basepoint to y. 
This operator was first introduced in the chiral formulation of Yang-Mills 
theories in the loop representation by Gambini and Trias [13]. It can be 
considered as the projection of the loop derivative on the tangent to the 
loop y, 


X° (x,y) = $ assa — y). (1.56) 
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This expression involving the tangent to the loop will play a role in the 
ideas of chapter 2. 

An important property of the contact derivative is that it is the gen- 
erator of diffeomorphisms on functions of loops. Given the infinitesimal 
diffeomorphism 

r — q" = z° + eu, (1.57) 


the expression for V(y.), where yi is the loop obtained by “dragging 
along” y with the diffeomorphism (1.57), is given by 


U(r) = (1+ e f dau%(z)Ca(@)) Y) 


= (1+6 f dyu” (y) Aalt) ) YO). (1.58) 


To prove that Ca actually is a generator of diffeomorphisms, we will 
show that it satisfies the corresponding algebra, 


| f PaNt(a)Cal2), fd yM*(y)Ca(y)| = f PaLaN (a)Cala), (1.59) 


where N°, M® are arbitrary vector fields on the three-manifold. 

We will start with an auxiliary calculation that will prove useful in what 
follows. We will evaluate the action of the loop derivative on a contact 
derivative. To this end we construct the following expression, which holds 
due to the very definition of loop derivative, 


(1+ 40% Aal) J dy*5(y — 2) Aa (72) Y (7) = 


f dêl- 2) Aall © Elroy) (1.60) 
ôyz07 


In this expression, yz is the infinitesimal loop added to y through a path 
from the origin up to the point z. That is, we evaluate the action of an 
infinitesimal deformation of area o°? acting on the contact derivative. 

We now expand the right-hand side of (1.60), partitioning the domain of 
integration into the portions after and before the action of the deformation 
and use the definition of the loop derivative to expand (dé o 7), 


J * dy" Aas (12) 5(y — 2)(1 + 40% Acal) EC) 


+{u6(z — x) Ago(¥Z) + v°6(z + u — z)Aa lt") 
—u%6(z +u +v -— r)Aaæl ytt?) — v96(z +u— r)Aa lytt t)} 
x(1 + 40° Aca(yZ)) (Y) 


+f ` dy*6(y — 2) Aes (572 0 VL) + Fo Aca). (161) 
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The last term in this expression can be rewritten as 


f dy*5(x — y)O(y — 2) (1 + 50 Acal7Z))[Aav(y4)](1 + a Aes) 


(1.62) 
where O(y — z) is a Heaviside function that orders points along the loop, 
i.e., it is 1 if z precedes y and zero otherwise. We will be able to combine 
the zeroth order contribution of this term with the first term in (1.61). It 
should be noticed that the first loop derivative does not act on everything 
to its right but only on the path inside the second loop derivative y7, a fact 
that as before we denote by enclosing it in brackets. We now consider the 
expansion of the terms containing the infinitesimally shifted loop. They 
can be expressed with the use of the Mandelstam derivative, 


Aa”) = (1 + u° De) Aal Y), (1.63) 
Aaly) = (1 + v*Da)(1 + u° De)Aa l), (1.64) 
f(z +u — z) =(1+u"d,)6(z — 2). (1.65) 


We now expand (1.61) again 


$ dy*5(y — x)Aao(y¥)(1 + 10A al) (7) 


+{u%6(z — 2) Aga(7Z) + v2(1 + ufðe)(z — 2)(1 + uf Dg) Aas (77) 
—u*(1 + v°D_)6(z — £)(1 + vt Da) Aaly) — v°5(z — 2) Aao(¥2)} 


x(1 + 204A ca(42))U(7) + 3 f dy*5(y — 1)O(y — z)o% 
x Acal) [Aa + $0 Acal) E). (1.66) 


Of the terms in braces, it can be readily seen that only contributions 
proportional to uv? are present, neglecting terms of higher order. The 
other terms combine to give the original expression. We can finally read 
off the contribution of the loop derivative, 


Aea(z) $ dy"ô(z — y) Aas (2) ¥(7) = 
2(0,,6(z — z)Agoe(yo) + lz — 2) DicAage(%)) E (7) 
+ f dy*@(y — z)5(y — ©) Aca(72)[Aas(7¥)]¥(7) 


+f dy*6ly = 2) Aa) Meal ri) E). (1.67) 


With this calculation in hand, it is straightforward to compute the 
successive action of two diffeomorphisms, 
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O(N) O) Uoq)= | wN w) f de°6(w = 2) Acal) 
3r b (x a —zr)A, 
x | Poa) $ dy°6(y~2)Aan(r8)¥(9). (1.68) 
Expanding this expression we get six terms 
f w | PaN’(wM (a) 
T $ d26(w — z)0,6(z — Aa A 
y 

er $ dz°6(w — z)0g6(z — zr)A aly) ¥(y) 

+ f dz°6(w — z)6(z — z)D-Aap(¥) T (7) 

— $ dz°6(w — z)6(z — z)DaAco(¥o) ¥ (7) 

+ f dz° f dy“6(w — z)d(y — x)O(y — z)Acal ri) [Aas lri) 


F $ dz° $ aalw — z)6(y — 2) Aan 1) Acal72)¥ (9) }. (1.69) 


We should now subtract the same terms with the replacement N = M. 
Since the calculation is tedious but straightforward we describe in words 
how the terms combine. The fifth and sixth terms, when combined with 
the similar terms coming from the substitution N e M cancel taking into 
account the commutation relations for the loop derivatives (1.26). The 
first and third terms combined with the first of the substitution Ñ © M 
form a total derivative. The fourth term, combined with the third and 
fourth of the substitution Ñ «+ M cancel due to the Bianchi identities 
of the loop derivatives. Finally, the second terms combine to produce 
exactly C(L yM ), which is the correct result of the calculation. 

We end by pointing out the relation between the contact derivative 
and the usual functional derivative. This can be immediately recognized 
by noticing that we can write f d’zut(x)Ca(x) in terms of parametrized 
curves by 


a a ô 
J Bru®(x)Ca(x) = $ dsu"(P(3)) ay (1.70) 


where p(s) is one of the parametrized curves in the equivalence class of 
the loop y. The way to see this is to notice that if y is the equivalence 
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class of curves [p°(s)], then U(y’) = U[p*(s) + eu*(p(s))]. Then, 


Cale) = $ ds6(x - PS) TE? (1.71) 


which relates the two derivatives. It should be noticed that these two 
derivatives only agree when acting on functions of loops. The expression 
on the right of (1.70) can act on functions of parametrized curves, on 
which the contact derivative is not defined. 


1.4 Representations of the group of loops 


In previous sections we derived several relations between generators of 
the group of loops. These relations were independent of any particular 
representation. We will now study their form in the context of a particular 
representation in terms of a given gauge group. We will see that from them 
emerges the kinematical structure of gauge theories. 

Gauge theories arise as representations (homomorphisms H) of the 
group of loops onto some gauge group G, 


Hitis G, (1.72) 
1.€., 


such that H(y1)H(y2) = H(y ° 72). 
Let us assume we are considering a specific Lie group, for instance 
SU(N), with N? — 1 generators X’ such that TrX* = 0 and 


[x?, Xİ] = CP XF, (1.74) 


where Ci are the structure constants of the group in question. We will 
assume that the representation is loop differentiable**. This will enable 
us to obtain the usual local objects associated with the gauge theory 
(curvature and connection) from the loop language. 

Let us compute the action of the connection derivative in this repre- 
sentation. We use the same prescriptions as in the previous section 


(1 + eu*6,(2))H(y) = H(T} o fu o Tie 0 Y) = H(r} o ĝu o n? ea) H (Y). 
o r+Eeu O 


r+eu 
(1.75) 
Since the loop nZ ouor? eu is close to the identity loop (with the topology 
of loop space) and since H is a continuous, differentiable representation, 


H (r o Ŝu o Thay) = 1 + ieu’ Aala), (1.76) 


** If it is not loop differentiable, instead of dealing with holonomies we will have “generalized” 
holonomies, which are not derived from a smooth connection. 
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where A,(zx) is an element of the algebra of the group, in our example 
of SU(N). That is, Aa(x) = A*X*. Therefore, we see that through the 
action of the connection derivative, 


ba(x)H(y) = 1tAq(x)H(y). (1.77) 
Following similar steps one obtains the action of the loop derivative, 
Aab(1)H (7) = tFav(z)H(y), (1.78) 


where Fob is an algebra-valued antisymmetric tensor field. 

Remember that 7% is only fixed by the prescription. Changing the 
prescription for 77 is the way to change the gauge. Suppose we change 
the prescription by n? — n’ = n’ on2 077. We then simply use equation 
(1.33) that in terms of the field reads 


Fo,(t) = H(x)Fas(z) A(x)", (1.79) 


where H(z) is a shorthand for H(n' o 12). 
From equation (1.48) we immediately get the usual relation defining 
the curvature in terms of the potential, 


F,(2) = 3a A (2) — OAa(x) + ilAa, Aol. (1.80) 


Gauge transformations in terms of the connection are immediate from 
equation (1.51), 


A, (2)! = H(x)Aq(2)H(2)7! — iH (£)ða H (£). (1.81) 


Let us act with the deformation operator U(n) introduced in section 
1.3.3 on the representation H(7), 


U(n)H(y) = H(n ° 7) = H(n)H (9). (1.82) 
Now, applying formula (1.54), 
U (n) H() = P exp ( $ dy*éa(u)) HO), (1.83) 
and substituting equation (1.77) and comparing terms we get 
H (n) = P exp (i f dy*Aa(y)) (1.84) 


which shows that the representation we are considering is given in terms 
of the usual expression for the holonomy of the connection Aa. 

Up to now, open paths have not played any relevant physical role. We 
will now show that open paths are naturally related to the inclusion of 
material fields coupled to gauge theories. We will consider matter fields 
that transform under the fundamental representation of the gauge group 
considered in our example, SU(N). 
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We will describe the matter field at the point x through a path depen- 
dent object U(a7). The natural extension of the representation introduced 
at the beginning of this section to the case of open paths is to consider 
the composition of an open path and a loop, defined by 


W(yons) = H(y)U (x35). (1.85) 


As in other cases, the role of the path choice will be to fix a gauge choice. 
A local description in a fixed gauge is obtained by fixing a family of 
paths, each of which are associated with each point in the manifold. The 
functions Ų will now become functions of points labeled by the fixed 
prescription m used to determine the paths Y(™) (x). The prescription is 
given through a continuous function from the points of the manifold into 
the paths f(z) = nZ. Notice that if we change the prescription for the 
path n? — nS = n” on? on? we get 


WO) (2) = H(r? o 7°) U(x). (1.86) 


The Mandelstam derivative D, behaves as the usual covariant derivative 
of a gauge theory. Consider its action on a function of an open path, 


1+ eu" Da) Y 1 ) = Wir7o du) = U(r? o fuon? o qeteu 
o o o o 


r+eu 
= (1 + €u%6g(x))(1 + eud,) U(x"), (1.87) 
expanding in € and keeping terms of first order, we get 
Da V(r?) = 0,0 (x) + 6g (2) U (x7). (1.88) 


Using the relation between the function of a deformed path and the holon- 
omy (1.85), we get 


DWV (T?) = 0,0") (x) + iAa l(a) YM (x). (1.89) 
The usual form of the Ricci identity, 
[Da, Da] = t Fab, (1.90) 


can be obtained directly from the above expression or by considering the 
representation of equation (1.40). 


1.5 Conclusions 


We have seen how gauge theories arise as representations of the group of 
loops. All the usual kinematical concepts of gauge theories are reflections 
of properties of the group of loops. 

It is important to realize that the identities and properties that we 
proved in this chapter for the loop and connection derivative do not de- 
pend on any choice of gauge group to represent the group of loops. In this 
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sense one can think of the corresponding generators of the group as asso- 
ciated with an “abstract” curvature and connection. It is only when one 
considers a particular representation of the group of loops in terms of a 
gauge group that these quantities adopt the usual meaning of connections 
and curvatures in gauge theories. 

In the next chapter we will introduce more techniques that will put us 
in a better position to deal with loops in the context of quantum theories 
in the loop representation. 


2 


Loop coordinates and the 
extended group of loops 


2.1 Introduction 


Continuing with the idea of describing gauge theories in terms of loops, 
we will now introduce a set of techniques that will aid us in the descrip- 
tion of loops themselves. The idea is to represent loops with a set of ob- 
jects that are more amenable to the development of analytical techniques. 
The advantages of this are many: whereas there is limited experience in 
dealing with functions of loops, there is a significant machinery to deal 
with analytic functions. They even present advantages for treatment with 
computer algebra. 

Surprisingly, we will see that the end result goes quite beyond our 
expectations. The quantities we originally introduced to describe loops 
immediately reveal themselves as having great potential to replace loops 
altogether from the formulation and go beyond, allowing the development 
of a reformulation of gauge theories that is entirely new. This formulation 
introduces new perspectives with respect to the loop formulation that 
have not been fully developed yet, though we will see in later chapters 
some applications to gauge theories and gravitation. 

The plan for the chapter is as follows: in section 2.2 we will start by 
introducing a set of tensorial objects that embody all the information 
that is needed from a loop to construct the holonomy and therefore to 
reconstruct any quantity of physical relevance for a gauge theory. In sec- 
tion 2.3 we will show how the group of loops is a subgroup of a Lie group 
with an associated Lie algebra, the extended loop group. The generators 
of this Lie group will turn out to be coordinates in the extended loop 
space, which we discuss in section 2.4. In section 2.5 we will study how 
the differential operators introduced in the previous chapter act on the 
loop coordinates. In particular we will study the action of the genera- 
tor of diffeomorphisms. In section 2.6 we will discuss how to construct 
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diffeomorphism invariant quantities in terms of loop coordinates and, in 
particular, knot invariants. In the conclusion we will discuss the differ- 
ences and similarities between the group structures we have introduced 
and the usual Lie groups. The subject of this chapter has been discussed 
in detail in reference [20], the reader is referred to it for a more technical 
approach. 


2.2 Multitangent fields as description of loops 


As we discussed in the previous chapter, all the gauge invariant informa- 
tion present in a gauge field can be retrieved from the holonomy. There- 
fore the only information we really need to know from loops is that used 
in the definition of the holonomy, 


Ha(y) = P exp (if An dy") (2.1) 


We can write this definition more explicitly as 


CO 
=] + ` inf dz? yer dx? Ag, (x1) ewt Ag, (EA (z1, e... Eai) 
n=l 


(2.2) 
where the loop dependent objects X are given by 
Xan (gi... Eny) = 
f aut PO ayes Pek ete 
f dys -e dy?" ô(zn — Yn) --- (a1 — y1)Ox(0, Y1,- --, Yn) (2:3) 
and ©, (0, Y1,- ..,Yn) is a generalized Heaviside function that orders the 


points along the contour starting at the origin of the loop, i.e., 


1 ifo < yı < yo <...Yn along the loo 
(0913 ++ Un) = l 0 Snie : j (2.4) 


These relations define the X objects of “rank” n. We shall call them 
the multitangents of the loop y. 

By writing the holonomy in the non-standard form (2.2) we have been 
able to isolate all the loop dependent information in the multitangents of 
the loop. No more information from the loop is needed in order to com- 
pute the holonomy than that present in the multitangents of all orders. 

In what follows, it will be convenient to introduce the notation 


Xn (y) = ¥%71-..An Tn (y) = X41---An (x1, — Zn, Y) l (2.5) 
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with u; = (aixi), which is more suggestive of the role played by the x 
variables under diffeomorphisms. The X objects transform as multivector 
densities (they behave as a vector density at the point x; on the index 
ai) under the subgroup of coordinate transformations that leaves the base 
point o fixed. In other words if 


r° — x" = D° (7x) (2.6) 
then 
; say lân 1 
XO Tian Tn (Dy) = Ox 1 7 Ox n 1 xo T1..bn Tn (y) , 


ðr ` Aaxbn I(t) I (an) 
(2.7) 
where J is the Jacobian of the transformation. 
The Xs are not really “coordinates” in the sense that they are not 
independent. They are constrained by algebraic and differential relations. 
The algebraic constraints stem from relations satisfied by the general- 
ized Heaviside function, 


0,(0, Yi, Y2, y3) F- ©, (0, Y2, Yi, y3) + 0,(0, Y2, 43; yı) T O, (0, Y2, y3), 
0,(0,y1) =1, 0,(0, y1, y2) + Oy(0, yo, 41) = 1, (2.8) 
which imply the following kind of relations among the Xs, 


Xue 4 grm — gm yr, 


XPH 4 H2MH3 4 YoeMsH — P Hh, (2.9) 
And in general, 
XML ln — > A A = XMM XML Hn (2.10) 
Pk 


where the sum goes over all the permutations of the u variables which 
preserve the ordering of the j41,..., wz and the wz41,..., Hn among them- 
selves. We have introduced the notation of underlined indices to symbolize 
the permutation for future use. 

The differential constraint ensures that the holonomy has the correct 
transformation properties under gauge transformations, and can be read- 
ily derived from equation (2.2). It is given by 

o 
ðr; 
( 6(2; a Ti—1) a 6 (x; — Ti+1) JA ES Britt nTn (2.11) 


Gas lied ed eee AaAnTn = 


In this expression, both zo and £n+1 represent the base point of the loop. 

An important property of the differential constraint is that any multi- 
tensor density D%71:-9"7" that satisfies it can be put into equation (2.2) 
and the resulting object is a gauge covariant quantity. When restricted to 
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the multitangents of a loop, the resulting object is the holonomy. It is this 
property that exhibits the relevance of this formulation. In it, loops are 
only a particular case. One can, in general, deal with arbitrary multiten- 
sor densities and construct gauge invariant objects, for instance by taking 
the trace. The multitensor densities need not have the same distributional 
character as the multitangents associated with a loop. Their divergence 
structure is dictated by the differential constraint, which requires its so- 
lutions to be distributional. This will have important consequences later. 
We will call the space of all multitensors that satisfy the differential con- 
straints Do. 

With this construction in hand, one could go further and forget loops 
and holonomies altogether. Since one can represent any gauge covariant 
object using the Ds, one could represent a gauge theory entzrely in terms 
of Ds. This has not been done up to present for non-Abelian theories in 
a complete fashion (nor for gravity), but it can be easily worked out for 
an Abelian theory, as we will do in chapter 4. 

When one allows arbitrary multitensors in (2.2) the convergence of the 
series is not guaranteed. There is no easy way to prescribe multitensors 
such that the series converges, so we will assume from now on that we 
work only with multitensors such that the series converges. Even this 
requirement is not enough to produce an object with a gauge invariant 
trace. The differential constraint (2.11) only ensures that if one performs 
a gauge transformation on the trace of the holonomy of a multitensor the 
resulting series has terms that cancel in pairs. For this to imply gauge 
invariance, it has to happen that [222] 


N 
S Ane An AA pA Ai A (2.12) 
k=1 


goes to zero as N — oo. A is the parameter of the gauge transformation 
and is therefore an arbitrary function. Notice that the vanishing of (2.12) 
is not guaranteed by the convergence of the holonomy alone. The question 
of selecting an appropriate set of multitensors in a precise way in order 
to ensure convergence of these expressions is at present not settled, see 
reference [21]. 


2.3 The extended group of loops 


When we introduced the group of loops in the previous chapter, we no- 
ticed that no one-parameter subgroup existed (since one could only define 
integer powers of the generators) and therefore it did not form a Lie group. 
In this section we will introduce a Lie group, the “extended loop group”. 
The group of loops will be a subgroup of it. This construction is of in- 
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terest in itself, since it is clear that it is a great advantage to have at our 
disposal all the machinery of Lie groups to analyze loops. Among other 
results, by identifying the free parameters of the algebra associated with 
the extended loop group we will be able to solve automatically the homo- 
geneous part of the differential and algebraic constraints (2.10), (2.11) of 
section 2.2. With some additional construction, we will have a definition 
for the portion of the multitensor density fields that is unconstrained, i.e., 
that we can freely specify. They can therefore genuinely be called “coor- 
dinates” and contain as a subspace the “loop coordinates” or coordinates 
on loop space. We will elaborate more on this concept in section 2.4. Now 
we will proceed to construct the extended loop group. 


2.3.1 The special extended group of loops 


Let us start by considering arbitrary* multitensor densities similar to 
those introduced in section 2.2 and define a quantity E by 


E = (E, E“M,..., BY", ...) =(E, É), (2.13) 


where E is a real number and E#1»»#n (for any n # 0) is an arbitrary 
multivector density field. It can be readily checked that the set of these 
quantities has the structure of a vector space (denoted as €) with the 
usual composition laws of addition and multiplication. 

We will now introduce a product law in € in the following way: given 
two vectors E and Eo, we define E x Eg as the vector with components 


E, x Eo = ( Ey Ba, E, É + E, E> + Ei x E>), (2.14) 
where Ei x E> is given by 
n—1 
(BE, v Eg)! Hn a y prie pees l (2.15) 
1=1 


For any value of n, the rank n component of the x-product of elements 
of € can be expressed as 


n 
(Ey x Eg) Mien = Dee aa Eo ke (2.16) 
1=0 


with the convention 


Feo Bling tin = E (2.17) 


* In this chapter we will always discuss real multitensor fields. It is obvious that the formal- 
ism is unchanged if one allows complex fields. In some applications they seem to play an 
important role, as we will see in section 3.4.2 (see also [19]). 
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The product law is associative and distributive with respect to the 
addition of vectors. It has a null element (the null vector) and an identity 
element, given by 


I=(1,0,...,0,...) . (2.18) 


An inverse element exists for all vectors with non-vanishing zeroth rank 
component. It is given by 


OO 
BE = E'I + X (-1 EHE — EI), (2.19) 
i=1 
such that 
ExE!=B'IxBe=I. (2.20) 


When evaluating the components of E~! it should be noticed that the 
sum involved in (2.19) is actually finite due to the fact that (E — ET) is 
a vector with its zeroth rank component equal to zero. Therefore, 

~ ` = - ) H1. Hn A ; 
[Ex .i. xE = [(B- ED |” "= 0ifn<i. (2.21) 

The set of all vectors with non-vanishing zeroth rank component (notice 
the role of E~! in equation (2.20)) forms a group with the x-product as 
composition law. 

The x-product law has an interesting property when restricted to mul- 
titangents. In this case it just corresponds to the composition law of 
loops, 


X(y1) x X(y2) = X(71 ° %2), (2.22) 


where X(y) = (1, X”! (y), ..., XP #n (y),...). Therefore we see that the 
product law that gave rise to the group of loops is the same product 
law we are generalizing to the case of arbitrary multitensor fields. The 
x-product law can also represent more general compositions than those 
of two loops sharing a common basepoint, such as the composition of 
an open path with a loop at its end, assuming a generalization of the 
definition of multitangents to open paths. 

After all this construction, let us now make contact with the group of 
loops. First, let us restrict attention to multitensors (not necessarily as- 
sociated with a loop) that satisfy the constraints (2.10), (2.11). Consider 
the set of vectors ¥ € E that have their zeroth rank component equal to 
one, X = (1, pay 

The set ¥ is closed under the x-product law. If X; € X and Xs E€ X, it 
is clear from the definition of the group product that X; x X3 satisfies the 
differential constraint. One can also demonstrate that X; x Xo satisfies 
the algebraic constraint. In a similar way one can show that the inverse 
X`! given by (2.19) satisfies the constraints if X does. A detailed proof 
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of these properties can be seen in the appendices of reference [20]. These 
results show that the group structure under the x-composition law is 
preserved by the imposition of the algebraic and differential constraints. 
We call X the Special-extended Loop group (SeL group). Note that the 
zeroth rank component of E plays a role analogous to the determinant in 
a group of matrices. For this reason we introduce the name Special when 
selecting E = 1. 

The group of loops is a subgroup of the SeL group since X(y) € ¥ and 
the composition law of the group of loops o is mapped via (2.22) to the 
X-product. 

An important question at this point is: is the group SeL just a fancy 
rewriting of the group of loops, or is it actually a more general structure? 
We will show that SeL is actually larger than the group of loops by direct 
construction. Consider the group element X™ = Xx .™ xX. Note 
that if X gives the multitangent field of certain loop y, X™ would be 
the multitangent field of the loop y swept itself m times. Applying the 
binomial expansion we get, 


X" = M+ (X-DI™=14 0 (7 )\K- DF. (2.23) 
1=1 


The extension of (2.23) to real values of m is straightforward, being 
defined as 


x=1+ 0 (})«x-9) (2.24) 
i=1 


with A real. We usually call this object the analytic extension of X. Note 
that for A = —1 we recover the expression of the inverse of X. Also 
in this case, due to (2.21) the analytic extension is well defined for all 
elements of X. One can prove that if X is constrained by the differential 
and algebraic identities, its analytic extension also satisfies the constraints 
(again see the appendices of [20]). So, the analytic extension of any X is 
in 4. Moreover, we have 


X* x X# = XM , (2.25) 


We conclude that the set {X*/X € Rand X a given element of 1} de- 
fines an Abelian one-parameter subgroup of the ¥ group. 

For non-integer values of A, the Ath power of a multitangent is not 
a multitangent. This fact explicitly shows that there exist in VY other 
elements besides the loop coordinates. 


t Tavares [43] has also considered this group. His “shuffle product” is associated with the 
algebraic constraint in our terminology. 
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Matrix representations of the SeL group can be generated through a 
natural extension of the holonomy. The extended holonomy associated 
with a non-Abelian connection Aar = Ag(z) is defined as H4(X) = A- X, 
where 


eG ey: eee iy ee (2.26) 
XS Kee 2), (2.27) 


and the dot acts like a generalized Einstein convention including contrac- 
tions of the discrete indices a; and integrals over the three-manifold in 
the continuous indices z;. We have 


CO œ 
Ha(X1) H4(X2) = 2 > PAm A e A E 
k=0 j=k 


ore j 
~ ye Ayiy...p; es apaga) = H4(X;ı x X3), (2.28) 
k=0 


where convention (2.17) has been applied over all the indices. The cor- 
respondence X — H4(X) gives a representation of the SeL group into a 
particular gauge group. In the case of the X group and the connections A 
belonging to the algebra of a unitary group, H,(X) is an element of the 
given unitary group. If one considers multitensors that do not satisfy the 
algebraic constraint, one still has a group and can construct a representa- 
tion by considering As that belong to a unitary gauge algebra. However, 
the corresponding representation will give a holonomy that is not an ele- 
ment of the gauge group. It will, in general, be an element of the general 
linear group of the same dimension as the gauge group. This highlights 
the role of the algebraic constraint in this formalism. The differential con- 
straint imposed on X ensures that H,(X) is a gauge covariant quantity 
provided that the expressions involved in the proofs converge (see chapter 
12 for some subtleties on this issue). 

We have shown that the analytic extension of any element of the SeL 
group defines a one-parameter subgroup. By studying its properties one 
can find the algebra associated with the SeL group. 


2.3.2 Generators of the SeL group 


Consider the one-parameter subgroup {X} and suppose that we increase 
à by an infinitesimal amount. We can write 


x 
See aX Xe a GE (2.29) 
and taking à = 0 we get 


KX = I + Fd), (2.30) 
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where 


À (09) aih aaa > 
F = aa l~=o = (> ( z x) = (0,F). (2.31) 


t= 1 
Introducing (2.30) in (2.29) we obtain the following differential equation 
for the elements of {X*} 
dX* 
dà 
This equation can be iteratively integrated to give 


A TN E i al a kai 
W=1+ J GF +F x | ar, | dro...” Dns OH 
kal. = 


(2.33) 
The process actually stops for any finite rank n component (F”+! = 
Fx "+! xF = 0 in this case). Therefore 


=X*xF= Fx X’. (2.32) 


X*=1+)> AFF = exp(AF) . (2.34) 


We conclude that the vector F given by (2.31) is the generator of the 
one-parameter subgroup {X^}. It is evident that the generator satisfies 
the differential constraint. We shall now prove the following fundamental 
property: F satisfies the homogeneous algebraic constraint (i.e., the sum 
over permutations defined in equation (2.10) vanishes). In other words, 
the generator of the one-parameter subgroup {X^} is the algebraic free 
part of X. 

We know that 


(x? JH eM Hn — (x? ) Ha bk (x? Hetin (2.35) 


Differentiating with respect to À and evaluating for À = 0 we get 


A \ H1---Hk 
d Com = & [Pkt Hn 


dr rA=0 dX sai 
Xà Hk+1--- Hn 
PAES ( — j ; (2.36) 
A=0 
As 1 < k < n, we conclude 
FPE eer eee 2). LSLE x (2.37) 


Reciprocally, one can demonstrate that the exponential of any alge- 
braically free quantity produces an object that satisfies the algebraic con- 
straint. It is important to stress that these results allow us to obtain the 
general solution for the algebraic constraint (equation (2.34) with A = 1 
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and its inverse (2.31) give the relationship between an object that satisfies 
the algebraic constraint and its algebraic-free part). 

The set of all Fs that satisfy the differential constraint and the homo- 
geneous algebraic constraint forms a vector space F. One can define a 
bilinear operation on F in the following way, 


[F1, F2] =F, x Fə — Fə x Fı forany F1, F2 E F. (2.38) 


This operation is closed on F. The vector space F together with the 
bracket operation (2.38) defines the Lie algebra associated with the SeL 


group. 
2.4 Loop coordinates 


The quantities X that we introduced in section 2.2 are not freely speci- 
fiable. That is, in order to be able to construct a gauge covariant object 
via equation (2.1), the Xs had to satisfy the differential and algebraic 
constraints (2.10), (2.11). That they are not freely specifiable is a natural 
thing, since they are elements of a group. That is why it was impor- 
tant to find the associated algebra, since its free parameters give us a 
chance to separate the part of the multitangents that we can freely spec- 
ify. In the previous section we saw how to construct the set of objects F. 
These objects had the advantage of being constrained not by the algebraic 
constraint, but by the homogeneous algebraic constraint. This latter con- 
straint is very easily solvable, simply by requiring some symmetries on the 
Fs, given by equation (2.37). In terms of the Fs one immediately is able 
to compute a solution to both the differential and algebraic constraints 
making use of equation (2.34), 


X = exp(F). (2.39) 


However, the Fs are far from freely prescribable since they are con- 
strained by the differential constraint. The main intention of this section 
is to give a prescription for generating the Fs (and through them the Xs) 
from freely specifiable quantities. In order to do this we will need to in- 
troduce some technology to deal with transverse tensors. This technology 
will also be useful for dealing with knot invariants. 


2.4.1 Transverse tensor calculus 


First of all notice that the notion of transversality (divergence equal to 
zero) is well defined for vector densities, since their divergence can be com- 
puted without introducing an external metric. For instance, statements 
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such as 
ðar E" = 0 (2.40) 


are well defined for an object like Æ which is a vector density on the index 
a at the point zx. 

Let us introduce the notion of transverse and longitudinal projectors 
in the multivector density space. In order to do this, it is convenient to 
endow the space of transverse vector densities of rank one with a natural 
metric structure. Given two transverse fields V°”? and W one can define 
their inner product [22], 


g(V,W) = | Bo VAY, 
3L V? = a,W* = 0, (2.41) 


where AW is a “potential” defined in the following way. Construct a 
two-form Wap = €aoeW°. This two-form is curl-free, ôjeWas], due to the 
transversality of W°. Then one can define the one-form (“potential”) 
AW by 3p Ak = W,». This one-form is defined up to the addition of 
a gradient. This will force us to give ad-hoc prescriptions when dealing 
with expressions in terms of AW. However, the inner product (2.41) is 
well defined in a prescription independent way since the addition of a 
gradient to AW only contributes a total divergence term. 

The inner product introduced by (2.41) gives rise to a covariant metric 
on the space of transverse vectors, 


g(V, W) = go axby Vw”, (2.42) 


which can be explicitly written, for instance, in the transverse ( non- 
covariant) prescription, 


ðc AW =0 (2.43) 
as 
1 ze — y° 
Jo arby = Er €abc lz—y E (2.44) 


Notice that due to the use of a non-covariant prescription the final ob- 
ject has both coordinate and background metric dependence. go is a well 
known object in knot theory, where it plays the role of the kernel of the 
Gauss knot invariant, as we will see in section 2.6. It is the expression in 
a particular prescription of the covariant metric in the space of transverse 
vector densities defined by (2.41). Notice that in what follows we will 
not need to specify a background metric unless we want to give a specific 
prescription. In general, the covariant metric is defined up to gradients 
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that change according to the prescription chosen, 


Jaxby = 90 axby + Paz y,b + Poy z,a - (2.45) 


Transverse and longitudinal projectors may easily be written without 
the use of a background metric in terms of g and its inverse in the trans- 
verse space, 


gird = ™ 8,6(x — y) . (2.46) 


We define the quantities ôr and 6; (the transverse and longitudinal 
Dirac deltas) as 


OT by = 9 Gee by (2.47) 
and 
OL by = O- by = OT by, (2.48) 


where 6°*,, = 6°,6(x — y). It is straightforward to check that they have 
the desired projection properties, 


ÔT“ p ÔT’ v m bre, ’ 
bn" p bn? v = Oiv ) 
bn’, Or?» = Or", ÔL’ = 0. 


By using the explicit form of the covariant metric one can prove that 


6, by = go y,b? (2.49) 


where 


ð 
axe $ oa = —d(z—y). (2.50) 


The ambiguity in the definition of the metric induces an ambiguity in 
the decomposition into transverse and longitudinal parts. Each function 
$ that satisfies (2.50) determines a particular prescription of the decom- 
position. It is important to note that the transverse density fields and in 
particular the contravariant metric (2.46) are prescription independent. 
In the particular case in which we choose the transverse metric to be go 
we have 


1 ð 1 


e E ee 2.51 
Po y An Ox%|a—y|’ ey) 


0°0 1 
bor by = 8 by + 


— — . 2.52 
y An |x—y| ioe 


A transverse projector acting on the vector space € of multitensor den- 
sities can be immediately introduced through the matrix 67, defined in 
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components as 


Ops E T = On,m ôr”! vy’. T” vn . (2.53) 

Given any multivector density E one can construct a multivector den- 
sity Er that is transverse or in other words that satisfies the homogeneous 
part of the differential constraint (2.11) by, 


Er = ôr - E. (2.54) 


The set of all Ers forms a linear vector space Er. The definition of Er 
is not unique, it depends on the prescription used in the definition of the 
projector. 

Since ôr a projector, relation (2.54) is obviously not invertible in gen- 
eral. However, it turns out that it can be inverted on a subspace of E 
given by €p, the multitensor densities that satisfy the differential con- 
straint (2.11). In order to do this, let us start by evaluating 


Filta = Gin Gln Bute (2.55) 


making use of identity (2.48) and the differential constraint and recalling 
that the first rank component of E is transverse, we then get 


Ep =O - Er. (2.56) 


The soldering quantities O only depend on the function ¢ which char- 
acterizes the choice of decomposition in transverse and longitudinal parts, 


u u o uaa oa, 9 if m = n 

eee n ‘ons . 

O Vi.. Vm = Hiin OPi-Pn-1 ifm <n (2.57) 
0, ifm>n 

with 


n 

Q12j...€nTn = RE pain — pi” 6 Qj412%j41-.AnIn 

C1Y1-.-Cn—1Yn—1 ~ C1Y1---Cj7-1Yj—-1 Yj Yj-1 T'CjY;---Cn-1Yn-1 ' 
j=l 


(2.58) 

Again, this definition is not unique and will be prescription dependent. 

However, starting from a given Ep one can construct an Ey and then 
uniquely reconstruct the original Ep by applying O. 

A crucial property is that the quantities O satisfy the differential con- 

straint in their upper indices, as can be checked from their definition. 

That is, given an arbitrary transverse multitensor density Er, one can 


construct a solution of the differential constraint by applying equation 
(2.56). 
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The quantities O have definite transversality properties 


67: O=67, (2.59) 
O-67=0. (2.60) 


Notice that due to these properties we can relax the requirement to 
construct a solution to the differential constraint, i.e., given an arbitrary 
multitensor E, the quantity g -E is a solution of the differential constraint. 

Under a change of the prescription ¢{%, — $37 we get a O|2] satisfying 


O[¢1] = O|¢2] - o [ġ1]. (2.61) 


The operations ór and O define an isomorphism between vector spaces, 
Ep the space of multitensors that solve the differential constraint and Er 
via, 


Er = ôr - Ep, (2.62) 
Ep =0 -Er. (2.63) 


The vector product can be introduced in the vector space Ep and, due 
to the isomorphism, it is simply given by 


Ep; x Ep2 =0 - (Er; x Erə). (2.64) 


This last property will have useful applications in section 2.6 where we 
construct diffeomorphism invariants. 

We are now ready to combine this construction with the ideas of the 
last section to define the loop coordinates. 


2.4.2 Freely specifiable loop coordinates 


We saw in section 2.3.2 that one could generate a solution to the differ- 
ential and algebraic constraints X by considering 


X = exp(F) (2.65) 


but for this to hold F had to satisfy the differential constraint and the 
homogeneous algebraic constraint. 

Let us now consider an arbitrary transverse multitensor Er. Applying 
the results of the last subsection, we notice that the quantity 0 - Er 
satisfies the differential constraint. Unfortunately, it does not satisfy the 
homogeneous algebraic constraint (if it did, we would be done, since it 
would be an element of F). 

We will remedy this situation now. We define a new matrix, given by 


n—1 
. Hrn m k 
(Qr: H E = a ET + 5 (n ) (=1)" GUL BRMR +L Hn 


1..UYm? 


(2.66) 
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where 


O e i ia = Onm O pees Gad (2.67) 
The matrix (2 has the following important property: it satisfies the 
homogeneous algebraic constraint in the upper indices. This fact imme- 
diately shows that Q isa projector. Given an arbitrary vector E, Q. E 
is an algebraic-free object. In particular we have F = Q.F. 
Let us now introduce the following set of vectors 


Srivm = (0, Siy..0m) (2.68) 
with 
S=(0-Q), (2.69) 
which written explicitly in components is 
(Soi cain Ee SP a SO en (2.70) 


These vectors combine the action of 0, which converted an arbitrary 
multitensor into a solution of the differential constraint, and Q, which 
projects into the space of solutions of the homogeneous algebraic con- 
straint. That is, given an arbitrary multivector density E, projecting it 
with S one obtains an element of F. Simply by exponentiating this ele- 
ment, as we saw in section 2.3.2, we obtain a solution of the differential 
and algebraic constraint. That is, we just consider, 


X = exp(S - E), (2.71) 


and the Es are unconstrained! Notice that expression (2.71) is the usual 
relation between elements of a Lie group (X), a basis of generators S and 
their free parameters (E). 

Expression (2.71) does not really depend on the portion of the Es that 
does not satisfy the homogeneous algebraic and differential constraints 
since the contraction with the Ss is independent of that portion. There- 
fore, one will usually concentrate on the set of transverse vectors Y that 
satisfy the homogeneous algebraic constraint, and we will call this set V, 


y: Y=67:-Y and Yee ee) be Re 
(2.72) 
The situation is totally analogous, for instance, to that of the Lorentz 
group. In that case the generators are antisymmetric matrices and there- 
fore one usually works with free parameters that are antisymmetric ma- 
trices in spite of the fact that any kind of matrix would do. It is just that 
one can only code relevant information in its antisymmetric part. Simi- 
larly here, any arbitrary multitensor E would work as a free parameter, 
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but only information coded in the portion that satisfies the homogeneous 
constraints will be relevant for constructing the Xs via equation (2.71), 


X = exp(S- Y). (2.73) 
The elements of Y are immediately related to those of F by 
Y=67-F. (2.74) 


When referring to multitangents rather than arbitrary multitensors we 
can therefore call the objects Y “loop coordinates” or coordinates in loop 
space. Abusing the terminology a bit we will also refer to them in this 
way when we talk about arbitrary multitensor densities not necessarily 
associated with loops. 

Since they are solutions to the homogeneous algebraic and differential 
constraint, the Ss are elements of F and therefore they form a basis for 
the algebra as we suggested above. Details of their construction, the 
proof that they satisfy the algebra and the determination of the structure 
constants of the SeL can be seen in reference [20]. 


2.5 Action of the differential operators 


In the previous chapter we introduced a series of differential operators 
that represented the infinitesimal generators of the group of loops. The 
loop coordinates provide us with an explicit representation in terms of 
which we can explore the action of the differential operators. We will 
not discuss in detail the action of all the differential operators, since as 
we saw, they are related to each other. We will only concentrate on the 
action of the loop derivative and of the contact derivative. The former can 
be used as the starting point to compute any other derivative. The latter 
is related to diffeomorphism invariance and therefore deserves a detailed 
treatment. 

Let us therefore start by computing the action of the loop derivative 
on a multitangent field. By the definition of the loop derivative (1.17), 


(1+ 1a Na A (y) = XTi Onn (T? o budvdudd o e q), 
2.75) 
and recalling the relation between the x-product and the composition law 
(2.22), we can write 
XTi -ann (q o fuðvóūðð or? oy) = 
(X(r3) x X, (dudvdudv) x X(n) x X(y)) 7er, (2.76) 


Notice that X,(duédvédudv) is a multitangent basepointed at z, which is in 
line with the fact that it is composed with an open path that ends at z. 
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We therefore need to evaluate X(éuév6u6v) applying the definition of 
the multitangents (2.3). We can do this order by order. We will only 
make explicit the calculation of the first order, 

X,(dudvdudo)"! = eu" f(r — z) + ev"! (x1 + cu — z) 
—e,u" (21 + Eyu + EU — z) — ezu (z1 + ezv — z), (2.77) 


we now expand the Dirac deltas 
(zı + c&u — z) = (z1 — z) + eut ó (z — 2), (2.78) 


and noticing that all linear terms cancel, we collect terms of order €1€2 to 
get 


X,(dudvdudv)U™ = 50% 61° (x1 — 2). (2.79) 


In this last expression o% = = 2ejeoultv bl as usual and we have intro- 
duced the a Kronecker delta 6°4 = 5(6¢6¢ — 6côt) and the 
notation 6 .(z — z) = e(z — 2). 

With this in mind, similar calculations follow for higher order multi- 
tangents. The results are 


Aal?) X (y) = 68°F (x1 — 2), (2.80) 
Aab(mg) XO (y) = 605°" 6(21 — z)6(x2 — 2) 
+822°6 (22 — 2)X%*1 (m2) + 8° cary — 2) X%2(n2 o y), (2.81) 
and, in general, 
Aan ee (y) 2 
256 (z1 — 2) X70" (n9 0) 
46005 (Zn = z) XTi -an-1En-1 (q2) 
+65, 7 6(@1 — 2)8(xq — 2)X 9373-8" (T9 oy) 
teab S(p = 2) (Ta — Z) XAT 24-2 (47) 


+ 3 TA 5 of (2541 _ gz) XT 0525 (x2 )XAi+20j+2-- ‘Anin (479 o y) 


n—3 
+9 óna Y 6(2541 — z)ôlzj+2 — 2) 
j=1 
> a, Cad ad Aj Ej (tej eee (T3 o y). (2.82) 


In terms of these expressions for the loop derivative one can recon- 
struct the action of any other differential operator. We will consider as 
an example the expressions for the contact derivative. 

The expression of the action of the contact derivative on a multitangent 


46 2 Loop coordinates and the extended group of loops 
1S, 
Ca(z)Xerernrintn (y) = $ dy?5(z — y) Aal) Xanh (y) = 
y 


n 
D 69°6 o(T _ Ze) OE erty ene (y) + 


3 5° jlt 6 (a — z)6(rj41 7 Z)X MT1--Oj—12j— 102054205 42...AnTn (y). 


(2.83) 


This expression can be written as a linear transformation of the Xs. 
This is just an expression of the fact that a “passive” diffeomorphism 
where one deforms the loop is the same as an “active” diffeomorphism 
where one maintains the loop fixed but changes coordinates. Let us take 
a minute to explore this result in detail. We rewrite the expression for 
the contact derivative as 


n 
Calz) XRT Ontn (y) = 5 Agus fj eT Ae a Fa ene (7) 


= 
with 
Aas? py = 62°65 (T1 — 2)6(y — 2), (2.85) 
paasa. by = ók (x1 — z)ó(z2 — 2) 6(y — 2), (2.86) 


where we have used a generalized Einstein convention on the index y. 

Sometimes it will be useful to compute the action of differential oper- 
ators on cyclic multitangents, for instance, if one wants to evaluate the 
contact derivative of a Wilson loop, which only depends on the cyclic 
portion of the multitangents, 


A UR = 2 (A Moen + Xeen L... A Geena ; (2.87) 
n 
It is given by 
Cq(z)X 2121 an3a (y )= Cu" Ke Aj—1Tj—1bYaj+1Tj+1..-AnTn (7), 
(2.88) 
where 


Caz by = O75 Ó (21 — z)6(y — z) — 69° (xı — z)ó a(z — y). (2.89) 
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Equation (2.84) can also be rearranged in terms of the linear transfor- 
mation matrix C making use of the differential constraint, which was also 
used to derive (2.88). 

These expressions allow us to write the expression for the transforma- 
tion law of the multitangents under an infinitesimal coordinate transfor- 
mation z? — z" = D? (x) = x° + N° (x) simply by computing 


(1 n / d°xN" (2)Ca(z) XM = Ap... Aplin XM (2.90) 


with the coordinate transformation matrices given by 
1 OD*(z) x OD" (x) 

Ap” br = =~ ———_ 6(a — D = 6(D(a2) — 2.91 

Dee = Fay ga 2E Du) = Bae O(D(e) —w), (2.91) 


where J(z) is the Jacobian of the coordinate transformation. 
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Any vector F belonging to the SeL algebra behaves as a multivector den- 
sity under a diffeomorphism that leaves the basepoint fixed. In matrix 
form the transformation law corresponding to a coordinate transformation 
xr? — x" = D(z) is 


F’=Ap-F (2.92) 
where 


Ap"! een Vi 


oo Ym 


= 6njm Apn t AD m. (2.93) 


From here it is immediate just by inspecting equation (2.62) to derive 
the transformation law for the transverse algebraic-free vectors Y, 


Y'= ôr- F' = Lp- Y, (2.94) 
where 
Lp = ôr : Åp'O. (2.95) 


The diffeomorphism transformation given by (2.92) is just a particular 
example of a more general family of transformations: the automorphisms 
of the algebra. Other automorphisms can be considered, for instance, the 
conjugation F’ = X x F x X7!. 

The isomorphism between the vector spaces Ep and Er makes Lp a 
representation of the diffeomorphism group. This representation emerges 
as the push-forward of the natural action of diffeomorphisms on the space 
of solutions of the differential constraint through the isomorphism of that 
space with the space of transverse vectors Er. 
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The presence of the non-diagonal matrix O in Lp makes this representa- 
tion highly non-trivial. This is an important result, due to the possibility 
of introducing objects that transform under the adjoint representation 
of the diffeomorphism group. In fact, the isomorphism guarantees the 
following property of the Os 


O=Ap-0-Lp-1. (2.96) 


This relationship clearly shows the role played by the Os as the soldering 
quantities between the fundamental representation Ap and the adjoint 
representation Lp. It is straightforward to see that the subspaces F and 
y are invariant under diffeomorphisms. 

Our task is to construct quantities invariant under automorphisms. To 
illustrate the procedure to follow, let us consider what is usually done to 
construct invariants of a group, say SU(2). One takes elements of the 
group wio, where ot are the usual Pauli matrices and w; free parameters, 
and computes their trace 


Tr(wjo"w;07) = Tr(a'o4 Juju; = GY wiw;. (2.97) 


The result is obviously an invariant and it has the form of a metric GY (in 
this particular case equal to 6”), which is invariant under the action of the 
automorphisms of the group, contracted with the free parameters of the 
group. Analogously one can take traces of higher order products of ele- 
ments and one would end up with invariants of the form G’! i» Dien; 
We will generically call the Gs “invariant metrics”. 

We will now follow a similar procedure to find invariants under automor- 
phisms of the SeL group. Since we showed that diffeomorphisms are just a 
particular case of automorphisms, the result will be diffeomorphism invari- 
ant. Consider a covector in the space Y, g = (0, Qyipor'**s Duy.-tins’**) 
with the following properties: 


n° 


g=g: Lp, (2.98) 

Jpi...un = J(u ..Hn)cyclic' (2.99) 

With it, we can define a multilinear form from y x --- x Y into the 
complex numbers, 

In=g:(¥1 x- x Yn) (2.100) 


that is invariant with respect to all automorphisms described above. The 
invariance property (2.98) ensures that (2.100) is invariant under dif- 
feomorphisms, (2.99) ensures invariance under conjugation. Why do we 
require the extra cyclicity property (2.99)? The reader should remember 
that all the multitangent formalism is basepointed, i.e., there is a pre- 
ferred point in the manifold as was obvious, for instance, when writing 
the differential constraint (2.11). The diffeomorphisms under which the 
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constructed quantity would end up being invariant would be those that 
leave the basepoint fixed. This is not what one is usually interested in, 
not even in the case of knot invariants, when the multitensors really are 
multitangents to loops. The cyclicity property ensures that the quantities 
constructed do not depend on any basepoint. 

Unfortunately, we do not have a general technique for constructing the 
invariant tensors g. Taking traces as in the SU(2) example does not 
work since we want objects not only invariant under conjugacy but also 
under other automorphisms, specifically the ones that represent diffeo- 
morphisms and the traces are not invariant under these transformations. 
Some invariant tensors g are known and we will discuss them in some 
detail later. 

This formalism appears to be a very powerful technique for construct- 
ing invariants associated with three-manifolds. Its implications have not 
been worked out in detail yet, so we will end the generic discussion here. 
However, it is quite clear that this construction can immediately be partic- 
ularized to the case in which one is not dealing with arbitrary multitensor 
fields, but with multitangents associated with loops. The resulting in- 
variants would be knot invariants. There is an abundant literature on 
the subject and therefore we will find it worthwhile to explore the im- 
plications of our formalism in some detail for this case in order to make 
contact with well known results. 

Therefore, we will now consider the quantities 


In(y) = 8: (Y (7) x +: x Y(7)), (2.101) 


and it is evident by construction that In(y) = In(y’) if y andy’ are related 
by a diffeomorphism. 

Let us consider some particular examples of these quantities. Take 
n = 2. In this case, the invariant metric has only one non-vanishing 
component, 


9G 1...Un = On,2 Gui pe) (2.102) 


where gpu 1S the metric on the space of order one multitangents, already 
introduced in (2.45). It leads to the following invariant: 


Ie(y) = ga: (Y (7) x Y(7)) = 9mp Y (VY (7). (2.103) 


For a first order multitangent Y“(y) = X” (y); replacing the definition 
of the Xs (2.3) and of g (2.44) and performing the integrals over the 
three-manifold explicitly we get 

OG) = 


ue S ¥*(s)¥° (t) cabe — 
GL = =a f t f MMP Oeae OOT 


The reader may recognize in this expression the Gauss linking number. 


aa (2.104) 
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Since we computed it for only one curve, it is a “self-linking number”, 
a quantity which is in general ill-defined and to which we will return in 
chapter 10. 

Although there is not a systematic procedure for constructing the in- 
variant metrics, an infinite family of them can be constructed applying 
results from Chern-Simons theories, a class of topological field theories 
that has recently attracted great attention [45]. Using these techniques 
other invariant metrics have been computed in explicit fashion [187, 47], 
but we will postpone their discussion until chapter 10 when we discuss 
Chern-Simons theory in some detail. 

The metrics are prescription dependent objects, as can be readily seen 
from equation (2.98). The knot invariants, however, should be prescrip- 
tion independent. In order to see this let us fix some prescription for g, 
gı = gı : órı. Then 


gi Ý =g ôn Fsg F. (2.105) 
But F = Oo ` Yo, then 
gi: Ýi =g1-02-Yo=g2-Y2, (2.106) 
where 
g2 = gı ` 02 (2.107) 


is the invariant tensor in the prescription 2. Using the algebraic-free 
coordinates we have 


gi: F =g ý =g Y= g F. (2.108) 


If one is considering a specific representation of the group of loops in 
terms of a gauge group, as we will start to do in the next chapter, func- 
tionals of a loop and of multiloops will be related by a series of identities 
called the Mandelstam identities. With these identities one can build and 
relate invariants of links of more than one component. We will return to 
this subject in chapter 10. 


2.7 Conclusions 


In this chapter we introduced a series of analytic techniques for describing 
loops. We exhibited the important role of multitensor densities as rep- 
resentations of loops. In fact we noticed that multitensor density fields 
can play a more fundamental role than loops in physics altogether. We 
showed how to represent the group of loops and how to extend it to form 
a Lie group in terms of multitensor fields. We found, by constructing the 
associated Lie algebra and its free parameters, a set of freely prescribable 
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multitensors that can be used as fundamental objects to describe loops or 
to build a more general framework. We showed how the diffeomorphisms 
are represented in terms of these objects and how to use them to construct 
invariants of three-manifolds and of knots. All these techniques will play 
a fundamental role in chapters 10 and 11 in the applications to quantum 
gravity. They will be especially useful for revealing the relations between 
quantum gravity and topological field theories and will possibly become 
the calculational bridge between the beautiful notions of knot theory and 
the Einstein equations. Of all the mathematical technology that we will 
introduce in chapters 1-3, the extended loop calculus is the most recently 
discovered and its implications are least explored. A great degree of im- 
provement in the understanding of these issues is likely to appear in the 
years to come. 


3 


The loop representation 


3.1 Introduction 


At the beginning of the 1970s gauge theories and in particular Yang- 
Mills theories appeared as the fundamental theories that described par- 
ticle interactions. Two main perturbative results were established: the 
unification of electromagnetic and weak interactions and the proof of the 
renormalizability of Yang-Mills theory. However, the advent of proposals 
to describe strong interactions in terms of gauge theories — and in par- 
ticular the establishment of QCD and the quark model for the hadrons — 
required the development of new non-perturbative techniques. Problems 
such as that of confinement, chiral symmetry breaking and the U(1) prob- 
lem spawned interest in various non-perturbative alternatives to the usual 
treatment of quantum phenomena in gauge theories. Both at the contin- 
uum and lattice levels various attempts were made [44, 48, 12, 49, 50] 
to describe gauge theories in terms of extended objects as Wilson loops 
and holonomies. Some of these treatments started at a classical level [44], 
with the intention of completely reformulating and solving classical gauge 
theories in terms of loops. Other proposals were at the quantum mechan- 
ical level; for instance, trying to find a Schwinger—Dyson formulation in 
order to obtain a generating functional for the Green functions of gauge 
theories using the Wilson loop. Among these latter proposals we find the 
loop representation [5, 34], based on constructing a quantum representa- 
tion of Hamiltonian gauge theories in terms of loops. In this context, the 
main advantage of the loop representation was to do away with the first 
class constraint of the theories (the Gauss law), and therefore with the 
redundancy introduced by gauge symmetries. It allowed researchers to 
work directly in the space of physical states. 


The idea that a non-perturbative quantization is possibly the only vi- 
able solution to the problems presented by the quantization of general 
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relativity is not new. However, the failure of various attempts based on 
perturbation theory over the last two decades has increased the belief that 
non-perturbative methods may be the only alternative to approach the 
quantization of gravity. In particular, the striking example of 2+1 grav- 
ity, which for many years was considered perturbatively as pathological 
as 3+1 gravity until it was proven by Witten [46] that it can be exactly 
quantized, has contributed to the belief that perturbative methods in gen- 
eral relativity can be quite misleading. Simultaneously, the introduction 
of a new set of variables by Ashtekar [51] that cast general relativity in 
the same language as gauge theories provided the natural framework for 
the introduction of loop techniques as a natural non-perturbative avenue 
for the quantization of Einstein’s theory. As the Hamiltonian was the 
most promising scenario for the new variables, the loop representation 
appeared to be the most natural application of loop techniques to the 
problem [38, 39]. Moreover it was apparent from the beginning that the 
use of the loop representation allowed various new insights, in particu- 
lar it revealed a new connection between general relativity and geometry, 
but now at a quantum level. Wavefunctions in the loop representation 
appeared in the pioneering work of Rovelli and Smolin as intimately re- 
lated with various notions of mathematics, in particular those of the newly 
flourishing branch of knot theory. This connection was highlighted when 
the Jones polynomial was found to play the role of a possible state of 
quantum general relativity [52]. 

In this chapter we will briefly discuss various physical results that we 
will need, in combination with the loop techniques introduced in the first 
two chapters, to introduce the idea of a loop representation. These ideas 
will be used extensively to discuss the applications in subsequent chap- 
ters of the book. The level of rigor and depth that we will maintain in 
this chapter is only the one needed to discuss the applications. Many of 
the topics covered in this chapter would, in general, require a book by 
themselves if they were to be discussed in detail. The idea of this chapter 
is therefore to fix notation for the advanced reader and to introduce the 
beginner to these topics in order to allow a first reading of the rest of the 
book. 

The organization of this chapter is as follows. We will start in section 
3.2 with a discussion of the canonical formulation and quantization of field 
theories. The idea is to lay down the formalism that we will use to treat 
both Yang-Mills theories and gravity. In both cases we will be dealing 
with systems with constraints and we will briefly discuss their treatment. 
In section 3.3 we discuss Yang-Mills theories in the canonical formulation 
both at a classical and a quantum mechanical level, highlighting the role 
of the Gauss law. We will then discuss the role of Wilson loops as a basis 
of solutions of the Gauss law and their properties in section 3.4. In section 
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3.5 we will discuss, in general, the formulation of the loop representation 
and its implications. We analyze in some detail two possible definitions 
of the loop representation that we will use throughout the book. We will 
end with a summary and discussion in section 3.6 


3.2 Hamiltonian formulation of systems with constraints 


3.2.1 Classical theory 


The subject of constrained Hamiltonian systems was pioneered by Dirac 
[27] in the 1950s and is well established by now. Abundant literature ex- 
ists on the subject and treatments vary from elementary to very sophisti- 
cated, since the subject is endowed with a rich geometrical structure. The 
intention of this section is just to fix notation and to remind the reader 
briefly of the ideas involved. More extensive treatments can be found in 
(27, 28, 29, 30] and those who want to explore the geometrical framework 
are referred to [31, 32, 33]. 

Physical theories are not usually described in terms of the minimum 
possible number of variables. In general, descriptions are made in terms 
of quantities that present a certain degree of redundancy which results 
in the fact that the system is invariant under certain symmetries. For 
instance, one does not usually describe the free electromagnetic field in 
terms of the two helicity components of the electric field, but rather in 
terms of the vector potential. The resulting formulation is invariant under 
gauge transformations. What will happen in general is that given a set of 
initial data the end result of the evolution will not be unique but will lie 
on a set of equivalent physical configurations related by the symmetries of 
the theory. Systems as simple as the free relativistic particle are usually 
formulated with redundant variables due to the Lorentz symmetry which 
does not specify a unique choice of time. 

We will assume that one has a Hamiltonian system (possibly with an 
infinite number of degrees of freedom), described by a set of canonical 
variables q; and canonical momenta p; with Poisson bracket relations, 


{qi Pj} = bij. (3.1) 
When one formulates canonically a system with redundant variables and 
symmetries, the resulting canonical formulation has constraints. The con- 
straints are a set of relations ¢,,(p;,q;) = 0, i = 1,...,m among the 
canonical variables. Some constraints become manifest when one per- 
forms the Legendre transform from the Lagrangian formulation. These are 
called “primary” constraints. When one requires that these constraints be 


preserved by evolution, new constraints may appear, called “secondary”, 
which in turn have to be preserved by evolution and so on. 
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There is a further distinction between constraints. A constraint ¢; 
will be said to be of first class if its Poisson bracket with all the other 
constraints is a linear combination of the constraints, 


{pk bi} = Chip; Vi. (3.2) 


Other constraints are called second class. In this book we will only 
discuss first class constraints. This is due to three reasons. First, there 
is a procedure (“Dirac brackets”) [27] to convert a set of second class 
constraints to first class ones by redefining the Poisson bracket structure 
of phase space. Second, most formulations of the theories of interest in 
this book such as Yang-Mills theories and general relativity only present 
first class constraints. Third, although certain gauge fixed formulations of 
gauge theories involve second class constraints, the loop formulation does 
not require any gauge fixing, since it is automatically gauge invariant. 

The effect of having constraints in the theory is to restrict the dynamics 
to taking place on a surface Î in the phase space I called the “constraint 
surface”. The dynamical trajectories on I’ are not well defined. Each 
dynamical evolution is represented by an infinite family of trajectories 
that are physically equivalent. This is the representation in this picture 
of what is usually called “gauge”. The family of trajectories are “gauge 
equivalent”. This is due to the fact that there is an ambiguity in extend- 
ing quantities from Î to I since two quantities that differ by a combina- 
tion of constraints are equal on the constraint surface. In particular, the 
Hamiltonian is not well defined and two Hamiltonians differing by linear 
combinations of the constraints will generate two physically equivalent 
gauge related trajectories 


H ~ H' = H + X”¢m, (3.3) 


where à™ do not depend on the canonical variables. 

After an infinitesimal amount of time, two equivalent dynamical evo- 
lutions which started from the same initial conditions differ by terms 
proportional to the commutators of the dynamical variables with the 
constraints. That is, one can view the commutator of any function of 
phase space with a constraint as a representation on phase space of the 
infinitesimal generator of the symmetry associated with the constraint, 


Af (p,q) = {rx bm(p, 9), f(p,q)}At. (3.4) 


Strictly speaking, these symmetries generated by the first class con- 
straints of a theory should be called “gauge” symmetries of a theory. For 
the case of usual Yang-Mills theories on trivial fiber bundles the symme- 
tries generated by the constraints coincide with the usual idea of gauge 
symmetries. In general, however, this equivalence is only local and global 
inequivalences may give rise to observable physical phenomena. 
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Non-vanishing quantities whose Poisson brackets with the constraints 
vanish on the constraint surface are called “observables” of the system, 
since they are the quantities that are invariant under the symmetries 
generated by the constraints. 


3.2.2 Quantum theory 


A procedure for quantizing Hamiltonian systems with first class con- 
straints was first proposed by Dirac [27]. Although the original formula- 
tion was presented for systems with a finite number of degrees of freedom, 
it is readily generalizable to the case of field theories. The method consists 
basically of five steps. 

e Select an algebra of quantities in the classical theory general enough to 
be able to express any quantity of physical interest in terms of the selected 
quantities. In the simplest examples, one usually takes the canonical 
coordinates with their Poisson relations as such an algebra. 

e Represent this algebra as a set of operators acting on a functional 
space V and promote the Poisson bracket relations to relations between 
commutators of operators. No particular restriction is imposed on the 
functional space at this level. Again, as an example one can choose repre- 
sentation on functionals of the configuration variables Y[q], and represent 
the fundamental operators as âY [q] = q% [q], PY [q] = —ih(6 V[q]/q) and 
their commutation relation as [q,p| = ih. (From now on we will choose 
units such that h = 1.) 

e Promote the constraint equations to wave equations acting on the 
space of functions VY. This process is, in general, not unique, depending 
on regularizations and factor orderings. Moreover, it should be performed 
in such a way as to promote the classical Poisson brackets of the constraint 
to consistent commutation relations of the wave equations. The space of © 
solutions to the wave equations will, in general, be a restriction of V and 
will contain the wavefunctions of physical relevance: we call it V. 

e Determine the evolution as a function of the parameter of evolution 
of the associated classical theory of the states (Schodinger picture) or 
observables (Heisenberg picture) with the use of either the Schrodinger 
equation for the states, 

OV. 

an AY, (3.5) 
where H is the Hamiltonian operator, or the Heisemberg equations for the 
observables. Notice that the evolution is unambiguous since in the pre- 
vious point we imposed the constraints on the wavefunctionals. That is, 
adding a combination of constraints to the Hamiltonian does not change 
the evolution, since they annihilate the wavefunctionals. 
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e Introduce an inner product on V such that it becomes a Hilbert space, 
the observables become self-adjoint operators and the wavefunctions of 
physical interest become normalizable. 


With these steps completed one is in position to do physics by taking 
expectation values of physical observables using the inner product on the 
Hilbert space of wavefunctions. Notice that apart from some subtleties, 
this is what most physicists would recognize as the “usual” procedure of 
canonical quantization. However, several points need further comment. 


First of all notice that in the first step we are allowing the use of a 
non-canonical algebra to perform the quantization. This is not, strictly 
speaking, what Dirac originally proposed, since he only considered the 
use of the algebra of canonical quantities. Allowing a non-canonical (and 
possibly overcomplete) algebra is more flexible in the sense that it can 
accommodate dynamical systems which do not naturally have a canonical 
algebra or situations where to use a canonical algebra is not convenient. 
It will be important in the formulation of the loop representation. 


It could happen that when one performs the Legendre transform to de- 
termine the Hamiltonian the end result is a quantity that vanishes on the 
constraint surface. That is, the Hamiltonian of the theory is a combina- 
tion of constraints. In this case the Schrodinger (or Heisenberg) equations 
simply say that the states (or observables) do not evolve with the clas- 
sical parameter of evolution. In this case the notion of “time” in the 
system has to be retrieved in a different way. One possibility is to isolate 
one of the canonical variables as a “time” T and “deparametrize” the 
theory in such a way that the Hamiltonian constraint can be written as 
H = rr — H, where mr is the variable canonically conjugate to T (“en- 
ergy”). Then one considers H as a true non-vanishing Hamiltonian and 
T as an evolution variable. The evolution in the “time” T is generated 
with the Hamiltonian H and its corresponding Schrodinger (or Heisen- 
berg) equation. This procedure is generically by no means trivial and 
in many systems it is not known how to perform it in a consistent way. 
Many systems have vanishing Hamiltonians and almost any system can 
be written in such a way that the Hamiltonian vanishes (these are usually 
called “parametrized theories”). Other systems, however, come naturally 
“already parametrized”. An example of this behavior, as we shall see, is 
general relativity. Other examples are the relativistic free particle and 
string. A comprehensive discussion of these and other related issues is 
the review article by Kuchař [57]. 


Another thing that can happen is that the theory could have symmetries 
that are not reflected in the appearance of constraints. This is usually the 
case with global symmetries, like “large” gauge transformations or diffeo- 
morphisms. We will largely ignore these in this book. In principle, one 
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should require that wavefunctions transform as unitary representations of 
the respective symmetry. This can put constraints on the inner product 
one selects, as has been emphasized by Peldan [58]. 


In the method presented above the first three steps contained specific 
proposals. Although in each of them one is faced with many inequivalent 
choices, one can always pick one of them and proceed. A different situa- 
tion arises in the last step, where no prescription for the introduction of an 
inner product is made. The Dirac quantization procedure does not spec- 
ify how to introduce an inner product and in this sense it is incomplete. 
This situation is particularly complex in systems where one does not have 
extra auxiliary structures that in some sense determine a preferred inner 
product. For instance, in usual field theories on a flat background the 
Poincaré invariance uniquely fixes the inner product. However, in the 
gravitational case, for instance, one does not have at hand such a guiding 
principle. There are proposals to extend Dirac’s method of quantization 
in such a way as to have a program that chooses an inner product without 
resorting to any additional symmetries or structures. Among these pro- 
posals is that of Ashtekar [2] who suggests endowing the phase space with 
a star algebra structure which may be sufficient to fix the inner product. 
The issue of the inner product in non-linear field theories is by no means 
completely understood at present and in our book we will discuss it only 
tangentially. 


3.3 Yang-Mills theories 


Yang-Mills theories have proven to be very useful as descriptions of the 
physics of the elementary particles. An extensive literature has dealt 
with them from various viewpoints and at present there is a good under- 
standing of many of their features. It is therefore reasonable to introduce 
Yang-Mills theories at this point to illustrate various concepts we will 
need in the rest of the book, especially in the applications to gravity. In 
particular Yang-Mills theories have proven an adequate ground to develop 
techniques related to loops. Many techniques and results that are only 
conjectured to hold for the gravitational case have actually been proved 
and exhaustively studied for the Yang-Mills case. 


In this section we will introduce the canonical formulation of classical 
and quantum Yang-Mills theories in terms of the traditional variables. In 
particular we will study the meaning of the Gauss law as a constraint and 
generator of the gauge symmetries of the theory. In subsequent sections 
we will review these results in the language of loops. 
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3.3.1 Canonical formulation 


Yang-Mills theories are based on an algebra valued connection A, on a 
flat manifold n,, with an action 


S= Jee = =} | dia yT E wE»), (3.6) 


where F,,, = ô LA, — OVA, +7[A,, Av] and [, ] is the commutator in the 
Lie algebra associated with the gauge group. We denote by ,/7 the square 
root of the absolute value of the determinant of the metric. Elements of 
the Lie algebra will be denoted with boldface characters. Sometimes it 
will also be convenient to introduce the notation in components in terms 
of the basis of generators of the Lie algebra, for instance, 


A, = Aix’, (3.7) 
where X* are the generators of the Lie algebra satisfying 
[X?, XJ] = CY Xe, (3.8) 


where Co are the structure constants of the group in question. 

We take as background metric n = diag(—1, 1, 1,1) and consider as con- 
figuration variables Ag and A, and compute their canonical momenta‘, 
n° and 7 


EN 0, (3.9) 
6Ag 

~a 6S abf A . Ma 

S Vm” (Ab — Ao + t[Ao, Aa]) = E°. (3.10) 


The momentum conjugate to Ag vanishes. This will be a primary 
constraint. We now perform the Legendre transform to define the Hamil- 
tonian density H = 2Tr(E°A,) — L, 


~ 


H = Tr ((B°E’nay + B°B? nas) — V7A0(DaE’)) (3.11) 


where Da = 0, + 1[Ag, | is the gauge covariant derivative. We can now ex- 
tend the Hamiltonian including the primary constraint H’ = H+Tr(Ao7°), 
where Ag is a group-valued Lagrange multiplier. 


*In this book we will use an overtilde to denote tensor densities of weight +1, and an 
undertilde for weight -1, a notation that is becoming standard. The only exceptions will 
be the Dirac delta function, which is a +1 density, but which we will denote as (x — y) 
to adhere to usual conventions, the square root of the determinant of metrics, since it is 
obvious, and — in an effort to try not to clutter the notation — the multitensor densities 
X7171---4n2n_ since their tensor density character has been abundantly emphasized. 


60 3 The loop representation 


To compute the equations of motion of this theory we take the Poisson 
brackets of the phase space variables with the Hamiltonian. In particular, 
one observes that the time evolution of 7 is given by 


ft = —-—— =D,E* = 0,E* + i[A,, È] = 0. (3.12) 


This equation guarantees the preservation in time of the primary con- 
straint. It is in itself a new (secondary) constraint. It can be checked 
that this constraint is automatically conserved. Moreover, the primary 
and secondary constraints are first class, i.e., 


{P(u),P(A)} = 0, (3.13) 
{P(u),G(A)} = 0, (3.14) 
{G(A),G(u)} = GA, wI), (3.15) 
where we have introduced the notation of “smeared out constraints”, 
G(r) = J 2D, E*, (3.16) 
P(u) = f Bapat. (3.17) 


From now on, every time we refer to a constraint as dependent on a 
parameter we will assume that the parameter has the needed index struc- 
ture to be contracted with the constraint and an integration over the 
manifold has been performed. This enables us to avoid dealing with dis- 
tributional expressions. Notice the geometric interpretation of the Gauss 
law as a generator of infinitesimal gauge transformations associated with 
the arbitrary group valued function A, 


{G(A), Aa} = Dad, (3.18) 
{G(A), E°} = [), E°]. (3.19) 


With this point of view of the Gauss law as a generator of gauge trans- 
formations notice that one can interpret the commutator (3.15) in the 
following way: the commutator of the infinitesimal gauge transformation 
parametrized by À and that parametrized by p is an infinitesimal gauge 
transformation parametrized by [\, u]. The primary constraint simply 
states that the zeroth component of the vector potential can be arbitrar- 
ily rescaled, 


{P(u), Ao(x)} = —p(z). (3.20) 


This tells us that Ag and 7° could be eliminated from the classical 
theory by appropriate rescalings. This fact will find a counterpart in 
quantum theory. This ends the discussion of the classical theory. 
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3.3.2 Quantization 


We will now apply the program of quantization that we introduced in 
section 3.2.2 to the canonical formulation of Yang-Mills theories. We 
start by picking an algebra of classical quantities, in our case simply the 
canonical algebra in terms of the Poisson brackets, 


{44 (x), E}(y)} = Biele — y), (3.21) 
{A$ (2), #9 (y)} = Gôl — y), (3.22) 
with all other brackets vanishing. We also pick a polarization for the 
wavefunctionals Y[A, Ao] where by A we mean the one form on the spatial 


surface with components A, 
We now find a representation of the canonical algebra by defining, 


A,V{A, Ao| = AVA, Aol, (3.23) 
2a 6 

È VIA, Ao] = -izi |, (3.24) 
AoW[A, Ao] = Ao¥V[A, Aol, (3.25) 
20 6 

T WlA, Ao] = o — U[A, Ao]. (3.26) 


Notice that up to now we have performed several arbitrary choices, 
which in general would yield inequivalent quantum theories if performed 
in a different way. For example, we could have added the functional 
gradient of an arbitrary function of A to the definition of the conjugate 


momenta E and this would yield the same quantum commutator algebra. 

We now promote the constraints to quantum equations and impose 
them on the wavefunctions. The primary constraint can be satisfied im- 
mediately, simply by noticing that it requires the wavefunctionals not to 
depend on Ag, 


P(u)V[A, Ao] = —i f Pause VIA, Ao} (3.27) 


First of all, notice that we have imposed the “smeared out” form of the 
constraint, and we will usually do this. This is equivalent to imposing the 
constraint point by point in the manifold since the equation should hold 
for an arbitrary smearing function u. Moreover, it is instructive to view 
the action of the constraint in the following way. Consider the action of 
(1 +icP(u)) on a wavefunction in the limit € — 0, 


(1 + ieP(2))U[A, Ao] = U[A, Ao + ep]. (3.28) 


We see that the quantum constraint acts as the infinitesimal generator 
on the wavefunctions of the symmetry that we mentioned in the classical 
theory: that the component Ag of the vector potential could be rescaled 
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arbitrarily. From now on we will therefore concentrate on functionals that 
only depend on the spatial part of the connection, [Al]. 

Let us now focus on the Gauss law. We can promote it to a quantum 
operator in the following way, 


5 l 6 6 
G(A) [A] = —i / Bad (aeza Cn Aa gam) WA]. (3.29) 
Notice that, in principle, there is a factor ordering ambiguity when 
representing the non-Abelian term of the covariant derivative. The reader 
may check that due to the symmetries of the structure constants of any 
compact group (in particular SU(N)) it is immaterial which ordering is 
picked for the non-Abelian term. 
Let us again study the infinitesimal action of the Gauss law on wave- 
functionals, 


(1 + ieG(A))V[A] = UIA + DY). (3.30) 


We see that it acts as an infinitesimal generator of gauge transfor- 
mations on the wavefunctionals. It is therefore immediate to solve the 
constraint. One just has to consider wavefunctionals which are gauge 
invariant functions of the connection and they will automatically be an- 
nihilated by the Gauss law. 

Notice that the Gauss law, both at a classical and quantum mechan- 
ical level, only generates gauge transformations connected to the iden- 
tity. “Large” gauge transformations are not included and their presence 
can give rise to observable physical effects. This is a generic feature of 
constrained systems. Constraints usually only generate local gauge sym- 
metries. In the case of Yang-Mills theories the presence of large gauge 
transformations gives rise to the O-vacua, connected with the instanton 
structure of the theory [59]. Similar effects arise for gravity [61]. For both 
Yang-Mills and gravity “large” gauge transformations are responsible for 
the presence of fractional spin states [60]. 

One should now study the evolution of the wavefunctionals (let us adopt 
for the sake of argument the Schrodinger picture). For that we have to 
promote the Hamiltonian of the theory to an operator. This can be accom- 
plished with a straightforward factor ordering (though a regularization is 
needed). One can then study the eigenstates and spectra of eigenvalues 
of the theory. In Yang-Mills theories the interpretation of the eigenvalues 
would be the masses of the particle spectra of the theory. This formula- 
tion would lead to a non-perturbative solution of Yang-Mills theories if 
one could implement the evolution equation and introduce an inner prod- 
uct. The treatment of this problem is involved and there is not a closed 
solution for it in the continuum, although lattice techniques have been 
applied to it. We will return to these issues in chapter 6. 
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3.4 Wilson loops 


Observable quantities in gauge theories need to be gauge invariant. Wave- 
functions in a quantum representation also need to be gauge invariant. 
It will therefore be very useful to introduce a set of quantities involving 
the connection Ag in terms of which any gauge invariant quantity can be 
written. These objects are called Wilson loops, are gauge invariant un- 
der both smali and large gauge transforations and are constructed taking 
traces of the holonomy, 


Wa(y) = Tr [P exp (if ayaa) l (3.31) 


The gauge invariance of these quantities follows immediately from the 
properties of the connection and the holonomy that were introduced in 
chapter 1 and the cyclicity of the traces. Because of this, they are observ- 
ables in the canonical sense (they have vanishing Poisson brackets with 
all the constraints of the theory). 


The objects are dependent on a loop and have a non-local dependence 
on the gauge connection. In general they are complex numbers. We can 
write the Wilson loop using the notation of chapter 2 as 


Wa (7) = Te(I) + $ i? Tr(Aa, (21). Aan (£n)) Xn (y). (3.32) 


n=l 


Observe that the trace Tr(Aa, (z1)... Áan(£n)) is cyclic in the indices 
a1£1 ...ânZn, and therefore the Wilson loop only depends on the cyclic 
portion of the multitangents. As we mentioned in chapter 2, this removes 
all information about the basepoint of the loop. That is, Wilson loops 
are functions of non-basepointed loops. 


Wilson loops have two fundamental properties, the discussion of which 
will occupy the rest of this section: 


e the Mandelstam identities; 
e the reconstruction property. 


The Mandelstam identities are a set of relations between Wilson loops 
which reflect the structure of the particular gauge group considered. The 
reconstruction property will tell us that given the Wilson loop functions 
evaluated for all possible loops we can reconstruct all the gauge invariant 
information present in the gauge connection. Both properties together 
will imply that Wilson loops constitute an overcomplete basis of solutions 
of the Gauss law constraint. 
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3.4.1 The Mandelstam identities 


The Mandelstam identities are the reflection in the language of Wilson 
loops of the particular properties of the gauge group used to define the 
holonomies and of generic properties of traces. In terms of them we 
will see reflected group properties such as unitarity, the dimension of the 
representation and value of the determinant of matricial representations. 
They will allow us to express products of Wilson loops in terms of sums 
of products involving a smaller number of Wilson loops. 

These identities were first introduced by Mandelstam [9] for the O(3) 
group. Giles [35] extended them for groups GL(N) and Gambini and 
Trias [34] extended them to the case of special and unitary groups. Loll 
[23] discussed the case of certain non-compact groups. 

Let us consider gauge groups that admit fundamental representations 
in terms of N x N matrices, for instance, GL(N), SL(N), U(N), SU(N). 
The Mandelstam identities arise as a consequence of the properties of 
the traces of N x N matrices. There are two kinds of identities, called 
identities of the first and second kinds. 

The Mandelstam identities of the first kind are a simple consequence 
of the cyclic property of the traces, which we mentioned in the previous 
section! , 


W (71 © %2) = W (%2 0 71). (3.33) 


These identities hold for any gauge group of any dimension. 

There are various identities of the second kind. The first family are 
a set of non-linear constraints that ensure that W4 (y) is a trace of an 
N x N matrix. They can be obtained in the following way. 

Observe first that in N dimensions any object with N + 1 totally anti- 
symmetric indices vanishes, 


Ai cA A 
OB, OR, oes OB al = 0. (3.34) 
Then contract this with N + 1 holonomies, 
B 
H(m)4) ---H(yw4i) ant (3.35) 
where Aj, By,...,An41,Bn+1 are matrix indices in the matricial rep- 


resentation of the group. The result is an identically vanishing sum of 
products of traces of products of holonomies. From here one can work 
out explicitly the identities for any order. For example, if N = 1, as ina 


t In this section and the following we will omit writing the dependence of the Wilson loop 
on the connection A since the results proven will not depend on the choice of a particular 
connection 
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U(1) group, the identity reads 
W(n)W (12) — Wn ° %2) = 0. (3.36) 


There is a compact way of writing this identity for an arbitrary order 
in terms of the quantities Mg, depending on K loops and defined by the 
following recurrence relations 


(K+ 1)Mrailm,--->YK41) = WlyK41)Mk(n,---5 YK) 
—Mk(%1 0° YK+1, V2,- --, YK) —- --— Mr (11, V2,- -- YK ° YK+1), (3-37) 
Mi(y) = W (7). (3.38) 


In terms of the Ms, the identity for an N x N matrix group can be 
written as 


MyN+1(71,---, YN+1) = 0. (3.39) 
Notice that for the case of N x N matrices it is also true that 
Mri,- y =OVLE>N +1. (3.40) 


An immediate consequence of the recurrence relation (3.37), obtained 
identifying the loop N + 1 with v (the identity loop), is 


(N + 1)Mnyil,---,9N,¢) = (W(t) — N)Mn((11,---,¥n) = 0, (3.41) 
from which we see that 
W(t) =N. (3.42) 


Let us examine another example, for 2 x 2 matrices. One can expand 
the product of three traces in terms of two, 


W (71) W (y2)W (¥3) = W (71 © Y2)W (93) + W (Y2 © -73)W (1) 
+W (y3 0 y1) W (y2) — W (71 © Y2 0 Y3) — W (71 ° V3 © 72). (3.43) 


For instance SU (2), SU (1,1) and other groups that admit fundamental 
representations in terms of 2 x 2 matrices give rise to Wilson loops that 
satisfy the identity (3.43). These groups also admit other identities that 
reflect other properties apart from the 2 x 2 matricial nature of their 
representation. 

Notice that because we are working with non-basepointed loops, the 
composition of two loops 7; © y2 in general is not well defined. For the 
remainder of this section whenever a composition of two loops appears, 
we will assume an arbitrary basepoint has been chosen to perform the 
composition. One simply links both loops to the basepoint through arbi- 
trary retraced paths. The Mandelstam identities are independent of the 
basepoint chosen to define the composition of the loops. 

Another identity appears for special groups, i.e., groups that admit 
fundamental representations in terms of matrices of unit determinant. As 
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was proved in reference [34], for a group with fundamental representation 
in terms of N x N matrices of unit determinant the following identity in 
terms of the Ms holds: 


Mn ("1 °7;72°%)--->¥N ° Y) = Mn (MN, 72)---, YN) (3.44) 


from which it trivially follows that My(y7,7,...,y) = 1. These identities 
allow us, for a special group, to express the product of N Wilson loops in 
terms of that of N — 1 by taking y = 7; for some i in equation (3.44). For 
example, for any special 2 x 2 matrix group (such as SU(2), SL(2,C), 
etc), 


M2(71, 72) = Mo(1 0 %3,4) (3.45) 
and 
M2("1, 72) = 5(W(m)W (y2) — W (71 ° 72)), (3.46) 
Malyi © 727", 4) = 3(W(m1 0 93 )W(e) -W(mo7")), (3-47) 
therefore, 


W(11)W (72) = W (y1 0727") + W (11 0-72). (3.48) 


Finally, we will discuss the Mandelstam identities of the second kind 
that reflect the fact that a group is unitary. That is, if the group admits 
a fundamental representation in terms of unitary N x N matrices, the 
Wilson loops satisfy 


W(y) = W*(7"), (3.49) 


where * indicates the complex conjugate. 

In general, apart from the Mandelstam identities, Wilson loops satisfy 
a series of inequalities. For instance, for unitary groups, the following 
inequality holds trivially 


IW) < |W) = N. (3.50) 


These inequalities contain additional information that is not present in 
the identities we discussed previously. For instance, all the identities we 
have discussed so far are the same for the groups SU(2) and SU(1,1). It 
is by considering inequalities in terms of the Wilson loops that one can 
determine which of these two groups is being considered. A discussion of 
inequalities and their consequences can be found in reference [23]. 

Let us end by summarizing the Mandelstam identities for the group 
SU(2), which we will use extensively in this book: 

Identity of the first kind, 


W (71 0 %2) = W (%2 ° 71). (3.51) 
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Identity of the second kind, 


W(m1)W(q2) = W(m ° 7271) + W (7 0). (3.52) 
From here it is immediate to prove, choosing y1 = 1, 
W(y) =W), (3.53) 


and from this and the unitarity property it follows that W (y) is real and 
less than or equal to 2 in absolute value. 

In spite of their simple appearance, successive combinations of the Man- 
delstam identities can lead to very non-trivial relations among Wilson 
loops. In any formulation in which one wants to use the Wilson loops 
as basic variables, these relations imply an additional complication in 
the formulation of the theory, since there is no definite way to deter- 
mine which are the freely specifiable functions [24]. In particular there is 
no systematic way of generating the set of all possible relations between 
products of Wilson loops that are derived from the Mandelstam identities 
[24]. An important development in this area is the recognition by Rovelli 
and Smolin that spin networks might be used to characterize a complete 
set of independent products of Wilson loops [146]. We will return to these 
issues when we discuss the loop representation. 


3.4.2 Reconstruction property 


In the previous section we introduced a set of identities satisfied by Wilson 
loops. In this section we will study the opposite question: to what extent 
does a prescribed function of loops, satisfying the Mandelstam identities, 
qualify to become a Wilson loop? In particular, can we reconstruct the 
holonomy given such a function? 

This question is of great importance. From the results of chapter 1 
we have seen that one could use holonomies to describe gauge theories 
since they embody all the gauge invariant information of the connection. 
What we are about to do is to show that all the information present in 
a holonomy can be reconstructed from the Wilson loops. That is, the 
Wilson loops will acquire a status of fundamental variables in themselves 
since we will be able to reconstruct all the gauge invariant information 
of a theory from them. This step will be of fundamental importance 
in following sections where we will formulate a quantum representation 
purely in terms of loops. 

The proof that this can actually be accomplished, i.e., that given a 
function of loops satisfying the Mandelstam constraints one can recon- 
struct the gauge invariant information encoded in it is the subject of the 
so called “reconstruction theorems”. The idea is the following. Given a 
function W (y), satisfying the Mandelstam constraints (3.33), (3.39) it is 
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possible to construct explicitly a set of N x N matrices H, defined mod- 
ulo a similarity transformation, such that their traces are W (y). The first 
such theorem was proved by Giles [35] for the case of U(N). Loll con- 
sidered the cases of SU(2) [25]. Ashtekar and Lewandowski [40] refined 
many of the proofs presented early in the literature and introduced sev- 
eral generalizations. Here we will discuss a simplified derivation assuming 
the Mandelstam identities for a 2 x 2 matrix group and we will follow 
the presentation of Giles. An elegant, short, alternative derivation of the 
reconstruction property has recently been presented in reference [40]. 

One starts by defining an algebra associated with the group of loops. 
It is constructed in the following way. Take the group of loops Lo. Define 
a formal sum and product by a complex number law for elements of Lo. 
Construct then an algebra FL, by appending to the elements of Lo all 
their possible finite complex linear combinations. The product law of the 
algebra will be induced by the composition law of Lo. 

We now consider the extension of the notion of Wilson loop to this 
algebra. For those elements of F'L, belonging to Lo it is defined in the 
usual way. For linear combinations of them it is given by 


W (a1 + Goy2) = a1 W (y1) + a2W (72). (3.54) 


Notice that y1, y2 € Lo and therefore the W (71,2) are well defined. From 
now on we will use the same notation for elements of FL, and elements 
of Lo, it will be clear from the context to which we are referring. 

This algebra is isomorphic to a complexification of the algebra Ep that 
we introduced in chapter 2, obtained by allowing the multitensor densities 
BE," that satisfied the differential constraint to become complex- 
valued. 

We want to see if these extended Wilson loops can be obtained as 
traces of “extended” holonomies H (y) in the sense introduced in chapter 
2 (traces of linear combinations of holonomies are allowed). We would 
like to think of H(y) as representations of FL,. Notice that FL, is 
associated with an infinite-dimensional group (in particular because Lo 
is) whereas the vector space of extended holonomies is finite-dimensional 
(they are 2 x 2 matrices in our simplified derivation). Therefore many 
elements of F Lo are represented by the same matrix. We now introduce an 
equivalence relation such that two elements of FL, are equivalent if they 
lead to the same matrix. We are then able to establish a correspondence 
between equivalence classes of elements of FL, and the matrices. 

We say that yı ~ %2 if 


W(meo) =W(y20¢) V ¢. (3.55) 


By the definition (3.54) it is obvious that the equivalence relation de- 
fined is compatible with the sum and product times a complex number. 
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We now prove that it is compatible with the product law of the algebra. 
Suppose yı ~ y2 and nı ~ n2. Then 


W (q1 © m ° C) = W (y2 ° m ° C) = W (m oÀ o 72) 
= W (ņ o Ç o y2) = W (%2 0° n20 Q). (3.56) 


We denote by FLo/K the algebra of equivalence classes of extended 
loops, K being the kernel of the equivalence relation. 

We now use the Mandelstam identity of the second kind (3.39), to 
derive an explicit form for the matrix associated with an equivalence class 
belonging to FLo/K. Let us explicitly consider the identity for the case 
of 2 x 2 matrices already introduced in equation (3.43) (notice that we 
do not, at this stage, know the dimension of the representation and we 
will prove that the representation is (2 x 2) dimensional based on this 
identity), 


W (11) W (y2)W (C) = W (11 © Y2)W (C) + W (11) W (972 © ¢) 
+W (y2)W (71 06) — W971 092 06) — W(y2 991 0C). (3.57) 
We will interpret this identity in the following way. Consider two ele- 
ments of the algebra yı and y2. The identity should hold for arbitrary ¢. 


This means that the identity between elements of F Lo (3.57) induces an 
identity between equivalence classes given by 


(W(11)W (y2) — W (11 © y2))e — Wm) v2 — W(y2) 1 
+71 0 Y2 + Y2 O Y1 = 0, (3.58) 


where z should be understood as the identity element of F Lo. 

We will now use this identity to determine the eigenvalues of a matrix 
associated with the loop y. To this end, we put y1 = y2 = y in (3.58) and 
get 


iW -W - Wi =o. (3.59) 
This second order relation can be factorized as 
(y — àrt)(Y — Ane) = 0, (3.60) 


where à; + A2 = W (y) and AiA2 = ¿(W (y)? — W (7°)). If we now want 
to represent y by a matrix, we see that it has at most two different 
eigenvalues. Therefore, this proves that a 2 x 2 representation suffices. 
Let us now assume?! that for at least one y, which we will call yo, A; Æ 
A2. We have therefore established the form of the matrix H (yọ) associated 
with a particular loop yo, and it is in diagonal form. Notice that because 


tł This assumption is not really needed, see Giles [35] for the exceptional case in which no 
such element exists. 
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holonomies are defined modulo a single similarity transformation at the 
basepoint, it is impossible to diagonalize the holonomies simultaneously 
for all possible ys. 

We will now determine the matrix element associated with an arbitrary 
element y of the algebra. With this aim we define the elements of the 
algebra, | | 


Yo — Are 

go, = ee ie” (3.61) 
_ Yo — Age 

p2 = Seay (3.62) 


which behave as projectors, ¢;¢2 = ¢o¢1 = 0, ¢? = $i, ¢1 + Q2 L. 
The reader can check by applying the definition (3.54) that W (¢ġ;) = 1. 
The idea of introducing these elements is that in a matricial representa- 
tion they will behave as projectors on the one-dimensional eigenspaces 
associated with each eigenvalue. 

We now apply these projectors. Given an arbitrary element 7 of the 
algebra we define its “components” ni; by 


Nij = PiNd;- (3.63) 


As can be readily seen from their definition and the definition of the 
projectors, these “components” satisfy 


2 
T= ` Nij» (3.64) 
iJ =t 
2 
(mno)ij = X (m )ik(n2)kj, (3.65) 
k=l 
W (nij) = 6:3 W (133). (3.66) 


We will now use these definitions to compute the “diagonal” elements 
of the algebra mi. They are given by 


mi = W (mi) di (3.67) 


(no sum over į is assumed). Let us prove this for the “11 component”, 
the proof being totally analogous for the other component. We apply the 
Mandelstam identity to the following elements of the algebra, ¢2, 711 and 
an arbitrary element ¢, 


W (b2)W (m1)W(¢) = W (2 ° m11)W(¢) + W (ġ2)W (mı °C) 
+W (m1) W (2 0 C) — W (h2 0711 ° C) — W (mı ° %20 À), (3.68) 
and observing that ¢2 071; = 0 and W(¢2) = 1, 


W (m11)W ($) — W (mı °C) — W(11)W ($2 ° €) = 0, (3.69) 
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which implies the following relation among equivalence classes (since ¢ is 
arbitrary), 


mi = W (mı) — $2) = W(m1)¢1, (3.70) 


and therefore this is the expression of the “11 component” of the element 
n. All this language in terms of the elements of the algebra has a natural 
counterpart in terms of the actual components of the representation in 
terms of 2 x 2 matrices H(n). In particular, the diagonal components of 
the matrix are therefore given by 

H (n) = W (nu). (3.71) 

The non-diagonal elements are not uniquely determined. Remember 
that to perform the construction we chose a particular yo represented by 
a diagonal matrix. There exist similarity transformations that maintain 
the diagonality of H (yọ) but change the non-diagonal components of the 
representations of a generic element 7. 

To determine the non-diagonal components, Giles [35] introduces a pro- 
cedure based on picking a second specific loop no and fixing the value of 
some off-diagonal components of its matrix representation. In this way, 
the freedom to perform similarity transformations is frozen. In the 2 x 2 
case, one needs to fix one component, say, H(no)i2 = 1. The other com- 
ponent of this matrix is determined by 


H(70)21 = W (¢1 © o ° $2 © 10). (3.72) 


This completes the determination of all the matrix elements of the fixed 
element no. The matrix elements of an arbitrary element 7 are given by 


H (n)21 = W (m21 © 10), (3.73) 
H(n)12 = W (m2 ° no)/H (no)21. (3-74) 
With this construction one actually has a representation of the algebra, 
H(y0n)ij = >) H(Y)irH(n)kj» (3.75) 
k 


which can be verified by combining the following expression (which is a 
consequence of equation (3.67)), 


W (njij © Yii) = W (1053) W (ji), (3.76) 
and equations (3.72), (3.74) and (3.73). 
Let us review what has been accomplished so far. We have established 
a procedure to reconstruct a holonomy given a set of quantities that sat- 
isfies the Mandelstam identities. In particular, this proves that one can 
reconstruct a holonomy from Wilson loops. The holonomy so constructed 
constitutes a representation of the group of loops the traces of which 
satisfy the Mandelstam identities. 
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The representation found only reproduces the Mandelstam identities of 
a general (2 x 2) matrix, the ones we used explicitly in the reconstruction. 
One could extend the method to take into account more specific Mandel- 
stam identities (or inequalities). For instance, if one applies the above 
construction to a set of SU(2) Wilson loops satisfying identities (3.48), 
(3.49) one does not necessarily end up with an SU(2) holonomy but with 
a holonomy that satisfies the said identities. This could be accomplished, 
for instance, by an SU(1,1) holonomy as well. 

An important point to notice is that the reconstructed holonomy from 
an arbitrary set of functions satisfying the Mandelstam identities will 
in general not correspond to a usual smooth connection, but rather to 
a generalized (“distributional”) connection. Because of this, when we 
formulate gauge theories purely in terms of loops, as we will do in the 
following sections, the formulation will usually correspond to this kind of 
generalized connections. If one wished to work with genuine connections 
one could do so by requiring extra conditions on the Wilson loops or in 
the case of loop representations on the corresponding wavefunctions. 

Another point is the relation between the formalism introduced for the 
reconstruction theorem and that of the extended loop group introduced 
in chapter 2. As we pointed out at the beginning, the starting algebra 
defined on loops is isomorphic to a complexification of Ep, the algebra of 
multitensor densities that satisfy the differential constraint. This helps to 
elucidate the nature of the algebra introduced by Giles, in the sense that it 
includes objects that are more general than loops, as is obvious due to the 
isomorphism with €p. In fact, the reconstruction theorems naturally work 
on €p, allowing us in general to reconstruct the gauge covariant matrix 
associated with any multitensor density Ep” °""". In particular, one 
gets the generalized holonomies associated with the elements of the SeL 


group. 
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The results we introduced in the previous section show that Wilson loops 
are an overcomplete basis of solutions of the Gauss law. In other words, 
any gauge invariant function (and therefore any physically interesting 
quantity) can be expressed as a combination of products of Wilson loops. 
It is therefore natural to try to build a quantum representation purely 
in terms of loops. Two different constructions have been introduced that 
allow us to define a quantum representation for gauge theories purely 
in terms of loops. In the first one a transform is defined between the 
connection and loop representations. This procedure allows us to convert 
any gauge invariant operator or wavefunction into a corresponding object 
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in the loop representation. The second procedure is to introduce at a 
classical level an algebra of quantities parametrized by loops and take 
this algebra as the one to be represented in the first step of the Dirac 
quantization procedure. The resulting quantum representation is the loop 
representation. 

Let us consider an analogy with a finite-dimensional system which clar- 
ifies the ideas underlying the loop representation. Suppose one is quantiz- 
ing the non-relativistic free particle in one spatial dimension. Classically, 
the system is defined in terms of the canonical coordinates x and p, with 
Poisson brackets {x,p} = 1. Quantum mechanically, we take as the space 
of wavefunctions the functions of z, U(x). We will now construct a new 
representation for the system applying the ideas we will use to construct 
the loop representation. 

Let us start by considering a transform approach, We consider a basis 
of states W(x) = exp(ikx), parametrized by a continuous variable k. 
Any wavefunction can be expanded in terms of this basis. We introduce 
a k-representation with wavefunctions Y(k) given by the integral 


W(k) = / deW? (2) U(x). (3.77) 


This equation is just the Fourier transform, and the reader may imme- 
diately recognize the k-representation as the ordinary momentum repre- 
sentation. The basis of states is an improper basis in the sense that it is 
not normalizable. Any operator in the position representation O; with a 
specific order in the canonical variables acting on functions U(x) can be 
translated into the k-representation by 


Ô; Y (k) = J dxW; (x)O, V(x) = J dx(O!W,(x))* U(x). (3.78) 


As an example of the use of the transform, let us consider the transform 
of a set of quantities that we will use in what follows. They are defined 
as T°(k) = exp(ikx) and T!(k) = pexp(ikz). It is immediate to see that 
one can express any classical quantity in terms of the Ts. They satisfy a 
non-canonical algebra, 


{T° (k1), T° (k2)} = 0, (3.79) 
{T"(k1),T°(k2)} = —ikeT® (kı + k2), (3.80) 
{T! (k1), T! (k2)} = i(ky — k2)T! (ky + k2). (3.81) 


We now introduce a quantum representation of the algebra via the 
Fourier transform 


7 (ky) U(k) = J dz exp(—ikx) exp(iki2)U(x) = Y(k— kı) (3.82) 
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T (kg) U(k) = -i | dx exp(—ikr) = (exp(tkot)U(x)) = kU (k — kg) 
(3.83) 


and it can be seen that the non-canonical classical Poisson algebra is 
reproduced by the quantum commutator algebra. Notice that kı and ko 
are arbitrary parameters. 

It is important to notice that the action of these operators may be 
translated to the action on a space of kets |k >, 


T° (ky) U(k) =< k|T? (k1) >=< k — kı|Ẹ >, (3.84) 
thus, 
T'(k,)|k >= |k — kı >= exp(—ik)2)|k >. (3.85) 
Therefore, 
T°(k,)|k >= exp(ik,é)|k >= |k + kı >, (3.86) 


and analogously we find 
T!(ko)|k >= exp(ikot)plk >= klk + ko >. (3.87) 


Notice that there is a factor ordering involved in the quantum algebra. 
The resulting ordering in the ket space representation is the opposite than 
the one in the space of wavefunctions. 

Now consider a gauge theory (for instance SU(2)) in three dimensions 
described by canonical coordinates A, and E° with the usual Poisson 
brackets. Quantum mechanically, we consider wavefunctions of the con- 
nection, Y[A]. An (overcomplete) basis of states is given by the Wilson 
loops W.[A]. Again, the basis is parametrized by a continuous parameter, 
in this case the loop y. The loop representation is defined in terms of the 
transform, 


U(y) = J dA W3 (7) VIA]. (3.88) 


Again we can transform any operator by using the transform. Notice 
an important difference. In the case of the free particle we chose a basis 
of functions exp(ikx) whereas in the gauge theory case we chose a basis 
of solutions of the Gauss law W4 (y). That is, by going to the loop repre- 
sentation one has automatically solved the Gauss law. Similar situations 
could arise in the case of the free particle (i.e., by choosing a basis of 
solutions of the Schrödinger equation) but we will not pursue these here, 
their meaning being quite transparent. Notice another crucial difference: 
while the transform used in the free particle case is a well known Fourier 
transform, the one used for the gauge theory case is only formal. Very 
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little is known about integration in spaces of connections and the theory 
of measure in this case is not well developed in general (for further devel- 
opments see references [36, 40, 66, 67]). We will return to these issues in 
the following sections. Notice that the introduction of the loop transform 
can be thought of as performing an inner product in the connection rep- 
resentation between a wavefunction |Y > and elements of a basis < yl. 
Therefore we can write 


W(y) =< |Y >= fpa < y| A >< A|Ẹ > (3.89) 


through the introduction of the identity 1 = f DA|A >< A| which means 
that having a correct definition of the transform is equivalent to having 
an inner product in the connection representation. 

Finally, it is not strictly true that for an arbitrary gauge group single 
Wilson loops are a basis of gauge invariant functions, but rather one needs 
to consider products of Wilson loops. This can be readily done, and the 
resulting wavefunction is a function of multiloops. We will discuss this in 
section 3.5.3. 

Let us now explore the second approach, i.e., quantizing a non-canonical 
algebra of quantities. Again we consider the free particle and on the 
classical phase space we define the quantities T? (k) = exp(ikx) and 
T1(k) = pexp(ikx) which satisfy the non-canonical algebra discussed 
above. It is evident that one can express any classical quantity of in- 
terest in terms of this algebra. If one has a well defined transform, as is 
the case for the Fourier transform, one could proceed as before and find 
a quantum realization of this non-canonical algebra using the transform. 
It is therefore evident that the quantization that one would achieve coin- 
cides with the one that was introduced before via the transform. If one 
does not have a well defined transform at hand one can propose a quan- 
tum realization of the algebra and check that one reproduces the classical 
algebra at the quantum commutator level. 

In this particular case we would propose 


T° (ky) ¥(k) = U(k — kı), (3.90) 
T (ko)U(k) = kU(k — k2) (3.91) 


and check that this representation reproduces the non-canonical algebra 
through quantum commutators. Notice that a choice of factor ordering 
must be made in the process. One can find the quantum expression for 
any classical quantity simply by writing the classical expression in terms 
of the Ts and translating with due care for factor orderings. 

Again a very similar construction (at least formally) can be performed 
for a gauge theory. Consider the set of classical quantities 


T°(y) =W(y), (3.92) 
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T (yp) = Tr(Ha (73) E*(z)Ha (72); (3.93) 


where W (y) is the Wilson loop and H4 (72) is the holonomy along the 
loop y from the basepoint o to z. These quantities satisfy a closed non- 
canonical Poisson algebra and can be promoted to a quantum operator 
algebra. The result would be the loop representation. However, various 
detailed issues have to be discussed and we will postpone their treatment 
until section 3.5.2. 

In spite of the appeal of these simplified analogies, the fact that gauge 
theories are infinite-dimensional systems of a non-Abelian nature implies 
that all the steps described above are considerably more involved. We 
will discuss these points in detail in the following chapters. Here we will 
discuss the definitions. In later chapters of this book the applications of 
the loop representation for gauge theories and general relativity will be 
explored in detail. 


3.9.1 The loop transform 


As we mentioned before, the loop transform involves a functional integral 
in the space of connections modulo gauge transformations. This makes 
it considerably more involved from a technical point of view than the 
transforms among representations of ordinary quantum mechanics which 
we discussed as an analogy. Little is known about integration theory in 
non-linear spaces both from a mathematical and a physical point of view. 

The loop transform was introduced for the treatment of gauge theories 
in the early 1980s by Gambini and Trias [62]. At that time the approach 
was to assume that the transform existed and study a posteriori the phys- 
ical implications of its existence. In a sense, a high degree of assurance of 
its existence was obtained through this approach, since it was proven in 
very concrete situations that results obtained via the transform coincided 
with those obtained via more traditional techniques. An important arena 
for this kind of test was the application of loop techniques in the lattice 
(95, 109]. In this case the loop transform is rigorously defined for any 
Yang-Mills theory in terms of the Haar measure of the group. For the 
case of general relativity, the loop transform in terms of Ashtekar variables 
was first introduced by Rovelli and Smolin [39] in again the same spirit. 
Only recently have studies of some mathematical rigor been performed 
on its existence. The main effort in this area is the result of the collabo- 
ration of Ashtekar, Isham, Lewandowski, Marolf, Mourao and Thiemann 
(36, 40, 203] and the work by Baez [66]. A particularly readable account 
from the point of view of physicists is given in reference [204], the pattern 
of which we follow in this section. 

In this book we will use the transform as a heuristic tool to derive re- 
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sults. The correctness or otherwise of such results will be judged through 
their consistency both among themselves and with facts known through 
other means, not through the rigor of their derivation via the transform. 
We will discuss in each case in detail which are the arguments and consis- 
tency checks that support that result. In'this section, however, we would 
like to give a brief glimpse of some of the mathematical developments that 
are taking place to put the loop transform and the results derived through 
it on a solid mathematical ground. It is yet to be seen if the particular 
results presented in this book will survive in the form presented when a 
rigorous operational definition of the transform is found. 


The key idea that allows the definition of a measure of integration on 
the non-linear space of connections modulo gauge transformations is the 
use of the Wilson loop as a projection operator. This allows the defi- 
nition of the so called “cylindrical measures”, which reduce the infinite- 
dimensional integral to a finite set of integrals over the gauge group. By 
demanding consistency of the various projections one ends with a theory 
of integration in infinite-dimensional spaces. Let us discuss in detail how 
this is accomplished. To investigate the ideas in a simpler context we 
discuss the definition of a measure in an infinite-dimensional but linear 
space, that of a Klein-Gordon field. 


Consider a scalar field ¢ in flat spacetime satisfying the Klein-Gordon 
equation. The classical configuration space of such a theory is the set of all 
smooth field configurations on a spatial manifold that fall off appropriately 
at infinity. Quantum states for the theory are functions on the space 
of classical configurations U(¢). One would like to introduce an inner 
product through an expression of the type f D, ¢V(¢)®(¢) where the 
integral ranges over the configuration space and our task is to introduce 
a suitable measure u to perform the integral. 


In order to do so we need to consider some particular functions on 
the configuration space. Possibly the simplest kind of function we can 
introduce are the functionals F defined by test functions f(x) (the set of 
which is called Schwarz space) of the spatial manifold which we convolute 
with the classical configurations, 


P/() = | &xf(e)4(2) (3.94) 


and we require that f(x) have appropriate regularity and falloff conditions 
such that the integral is well defined. With the above definition of the 
functionals F we are now in a position to introduce the idea of cylindrical 
functions. Consider a finite-dimensional subspace V,, of the Schwarz space 
and a basis of functions in it (€1,...,en). Given a classical configuration 
(x) we can define its “projection” on the finite-dimensional subspace 
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which yields a set of n numbers, 


(Fe, (),--- Fen ($)). (3.95) 


A function of the classical configuration space is called cylindrical with 
respect to Vn if its dependence on the classical configurations is through 
the set of n numbers that we introduced above, for some set of e;s. That 
is, g(@) is cylindrical iff 


I($) = G(Fe, (¢),-- +s Fen ()) (3.96) 


for some function of n real variables G. 

A cylindrical measure p is a measure that allows us to integrate cylindri- 
cal functions. Each of these measures is defined by an infinite consistent 
family of measures {pe} ,... en } each defined on all finite-dimensional spaces 
R” associated with each basis of vectors (e1,...,€n). With these mea- 
sures the integral of a cylindrical function is simply defined as an integral 
on R”, 


J D,(¢)9(¢) = J G(a1,.--50n)Dug, en (E13: -3 En). (3.97) 


The key issue is that the above expression has to be well defined and 
consistent for any set Vn that one chooses. This restricts considerably the 
choice of the family of measures, imposing a set of consistency conditions. 
First consider the case of a function that is cylindrical with respect to 
two subspaces V,, and V,,, that are disjoint. Such functions are necessarily 
constants, so the integrals of such constants with je,,...e, and Me! „eln 
should be the same, which fixes a normalization condition for the mea- 
sures. Next consider a function g(¢) that is cylindrical with respect to two 
subspaces Vp C V,,. Such a function has associated with it two functions 
of n and m real variables G(z1,..., £n) and G'(x1,...,2%m) that define 
it as a cylindrical function with respect to both spaces. Since the basis 
of V, will be a linear combination of the basis of V/, one can figure out 
the precise relationship between G and G”. Since the integral of G with 
the measures [le,,...,e, has to be the same as the integral of G’ with the 
MeASUIe He ,..,e/, this imposes a consistency condition on the elements of 
the family {i1e,,..,en}- 

An example of a family of measures that is compatible with the con- 
sistency conditions introduced above is given by appropriately chosen 
Gaussian measures on R”. The well known quantum field theory of free 
fields is based on such measures. One can obtain the Fock representa- 
tion by taking the Cauchy completion with respect to the inner product 
defined by the measure of the space of cylindrical functions on the clas- 
sical configuration space. The hope is that the quantum field theory of 
interacting fields will arise from non-Gaussian cylindrical measures, as 
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has been shown in several particular cases [37]. It is important to notice 
that the above mentioned Cauchy completion leads to a quantum theory 
defined — in the case of field theories — by functions on an enlargement 
of the classical configuration space. This amounts to considering not only 
regular functions of the classical configurations but also distributions. We 
will see in chapter 11 that the consideration of distributional fields in the 
loop transform poses new challenges for the regularization of the theory 
in the loop (and extended) representation. 

How do these constructions apply to gauge theories? For the case of 
Maxwell theory the construction is basically the same as above. The 
reason is that for an Abelian theory the space of connections modulo 
gauge transformations is again a linear space and one simply repeats 
the above construction considering functions of the classical configuration 
space given by the magnetic fields. 

For the non-Abelian case the configuration space is a non-linear space. 
The way around this problem is to exploit the properties of holonomies 
to provide an analogue of the functionals introduced above. Given a fixed 
finite set of independent’ loops (1,..., Gn we now say a function g(A) 
of the space of connections modulo gauge transformations is cylindrical 
with respect to this set of loops if and only if it depends on the connection 
through the value of the holonomies associated with the (3s, 


g(A) = G(Ha(A1),---,Ha(Gn)); (3.98) 


where G is a function defined on n copies of the gauge group. 

A cylindrical measure is defined in a way analogous to that used before 
as a consistent family of measures j1,,,...6, On the nth tensor power of 
the gauge group. Again, there are consistency conditions to be met, 
which are more involved than in the simple example described previously. 
The remarkable fact is that there exist consistent families which define 
measures. An example of this is given by n copies of the Haar measure 
defined on the gauge group. Since this measure is defined without the 
introduction of any background structure it is diffeomorphism invariant. 

We therefore have not only succeeded in introducing in a rigorous way 
a measure on the space of connections modulo gauge transformations 
but the measure is diffeomorphism invariant. It is therefore the kind of 
measures one would expect to be useful for analyzing problems in diffeo- 
morphism invariant theories such as quantum gravity. 

As we will see in chapter 7, for quantum gravity there is an additional 
complication in the sense that the gauge group is a complexified version of 


$ By independent loops we mean loops that have at least a segment that is not shared by 
the other loops with at most a finite number of intersections with the other loops. 
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SU(2). It is remarkable that in an unrelated development, Hall [211] in- 
troduced a generalization of the Gaussian measure for complexified gauge 
groups. His motivation (the Bargmann representation of the harmonic 
oscillator, see chapter 4) is basically the root of the complex nature of 
the gravitational variables. Therefore by replacing the Haar measure by 
the Hall measure in the discussion above one can have a measure that is 
appropriate for the gravitational case. Development in this area is very 
rapid at present and may allow us to put on a solid ground many results 
that in this book we can only present formally. 

It is yet to be seen if these kinds of measures produce physical theories 
of interest or if they are just mathematical curiosities. However, one can- 
not overstress the fact that until recently there were almost no measures 
known in non-linear infinite dimensional spaces and with these develop- 
ments one may be able to gain enough experience to define measures that 
yield physical theories of relevance. 

There has been a rapid development of these ideas. In particular rig- 
orous definitions of the constraints and states of quantum gravity for the 
Euclidean case (where the theory is real) are currently under study. Many 
of the rigorous results provide a formal setting for the ideas we will discuss 
in chapters 7, 8, 9 and 10 [203]. 


3.5.2 The non-canonical algebra 


There is an alternative procedure for introducing a loop representation 
that avoids having to go through an intermediate representation. The 
way to proceed is to go back to step one of the canonical quantization 
procedure we introduced in section 3.2.2 and pick a different classical 
algebra to quantize. We introduce the following quantities on the classical 
phase space of any gauge theory (or general relativity written in terms of 
Ashtekar’s variables), 


T(y) = Tr(Ha(7)) = Way), (3.99) 
T? (yz) = Te(Ha (75)E*(2) Ha (12), (3.100) 
T* (4, ye) = Tr(Ha (73)E°(2) Ha (7¥)E'(y)Ha(yy)), (3-101) 
where 727 = y o ył and generically, 
TA On (22, yl) =Tr( Ha (731) E™ (21) Ha (72?) 
Hy (7e"_,)E" (zn) HA (Y2a)), (3-102) 


where y = y5! ©... O Yan’ 

Notice that if the loop has multiple points the quantities depend on 
what sort of partition of the loop one performs and care should be taken 
to keep track of these dependences. 
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We see that the quantities T (y) are our well known Wilson loops and 
the other Ts consist of “breaking up” the holonomy at points z;, inserting 
an electric field and continuing the holonomy until back at the basepoint. 
It can be checked that these quantities are gauge invariant, i.e., they 
commute with the Gauss law. Generically we will speak of the Ts with k 
electric fields inserted as “T*”. The T*s behave as multivector densities 
on the indices a1,...,a,% at the points of the manifold x1,...,2,. They 
were first introduced by Gambini and Trias [34] (in their notation they 
were called Ws, naturally extending the notation of the Wilson loops, 
although we have favored here the notation that has become standard 
among relativists, introduced by Rovelli and Smolin [38}). 

As we argued before, the Wilson loops contain enough information to 
construct any gauge invariant function of the connection. By introducing 
Ts of higher order the expectation is that one would be able to construct 
any quantity depending on the electric fields, and therefore have an al- 
gebra of classical quantities which is sufficiently general to express any 
quantity of physical interest in terms of them. We have already shown 
examples of how to construct quantities of physical interest in terms of 
the Wilson loops, for instance, 


Aaly) Wa (7) = Tr(Fas(r) Ha (72))- (3.103) 


So we see we can retrieve information about the F’,. One can also 
retrieve information about momentum dependent quantities from the Ts 
of higher order, for instance, a trace of two electric fields, 


Tr(B"(2)B(2)) = lim T"(7)(2,y), (3.104) 


where by lim,_,; we mean the limit in which we shrink the loop to a point 
at x (and consequently the point y tends to x). In terms of the Ashtekar 
new variables for general relativity this trace plays the role of the spatial 
metric. 

We will not by any means prove here that one could reconstruct any 
quantity of physical relevance in terms of these quantities. It suffices to 
realize that most quantities that one is usually interested in can be written 
as limits of the T's and that therefore they seem to span the classical phase 
space of the theory of interest. 

An interesting point is that the T°s with the T's close an algebra, the 
“small T algebra”. Let us compute it in an explicit fashion for an SU(N) 
Yang-Mills theory. Because the Poisson bracket of Ag with itself is zero 
it is immediate that 


{T(y),T(n)} = 0. (3.105) 


In order to obtain the Poisson bracket of T with T! we compute, start- 
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ing from the canonical brackets (3.21), 


{Ha (y)4p,E9%(2)} = i(X4)° pHa (72)4cHa (1) "af aesa 


(3. “a 
where the indices A, B,... refer to the fundamental representation of 
SU(N) and run from 1 to N, and (XJ)4z, j = 1,..., N? — 1 are the 
generators of the algebra satisfying (3.8). Combining this equation with 
the following identity for the generators of SU(N), 


N?—1 

| 1 
S (X*)43(X')° n = 6 B64 p — vo Bo D, (3.107) 
i=1 


we get 


(TOETO) = -i (TOF onë) - TOT) ) X0), (3.108) 


where X°*(n) is the multitangent of order one. Notice that the Poisson 
bracket vanishes if 7 and y do not have a common point. 
Similarly, for two T!’s, 


{T*(yZ),T?(n¥)} = —i (og oy ont) — STOT) ) X(n) + 
+i (Teg ony org) = FTTR) XC). (3.1089) 


In the general SU(N) case, in the right-hand side of the Poisson brack- 
ets we have products of the elements of the non-canonical algebra. It 
is only for the case of SU(2) that we can rearrange these terms as lin- 
ear superpositions of elements of the non-canonical algebra. This means 
that if one wants to find a quantum representation, one needs to consider 
a non-canonical algebra incorporating products of the Ts. As a conse- 
quence, wavefunctions in the loop representation so constructed will have 
to depend on more than one loop. We will return to these issues in the 
next section. 

For the SU (2) case the algebra can be written in a very compact fashion. 
The Poisson brackets of the T’s are a linear combination of T’s evaluated 
on loops obtained from the original ones through very simple rules of 
fusion and rerouting through the intersection of the loops. The result 
is zero if the loops do not intersect. The action can be understoon in a 
simple fashion through a graphical representation as shown in figure 3.1. 
The explicit form of the algebra is, 


{T° (75), T D eX*®(n)T (Y o n5) (3.110) 


2 E 
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Fig. 3.1. The graphical representation of the commutator between T! and T°. 
The commutator is zero if the “hand” (the point at which one inserted the triad) 
of the loop y does not “grab” the loop 7. The figure shows the two reroutings 
that arise in the two terms that result from the commutator. 


- 1 
{T*(yz),T?(np)} =—5 Dd XT g © (2) o nf) 


e=—1 


. 1 
(} 
+5 2 eX” (nT (78 o (n) oy), (3-111) 


ce=— 1 


where nf represents either 7 or n~t. 


If one wants to consider higher order Ts, one needs Ts of arbitrarily 
large order in order to close the algebra, so strictly speaking it is not 
closed or only closes in a completion. For instance, for the SU (2) case, 
the Poisson brackets are schematically 


1 T yaen (3.112) 


The detailed commutation relations can be seen in reference [38]. 

The need to consider the infinite family of Ts to attain closure is just 
another manifestation of the overcompleteness of the loop basis. Although 
we know that we have “too many” loops, we are forced to include them 
all to span the classical phase space of the theory. It is tempting to try 
to construct a quantum theory by only representing the “small” algebra 
of T and T!. Unfortunately it is not clear if these quantities are enough 
to span the classical phase space of gauge theories. There is a certain 
sense in which they do, though technicalities arise for the case of non- 
compact groups|68]. Even if they did in some particular cases, they are 
not very convenient for expressing some quantities of physical relevance, 
such as the Hamiltonian of Yang-Mills theories (and general relativity). 
Therefore from a practical point of view one resorts to the higher T's to 
express quantities of interest. 

Let us now sketch the quantization of this non-canonical algebra for 
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the SU(2) case. The idea is that we have now completed step one of the 
Dirac quantization procedure introduced in section 3.2.2: we have picked 
a (non-canonical) algebra of classical quantities that (modulo subtleties) 
spans the classical phase space of the theory. We now move on to the 
second step of the quantization program: to find a representation of this 
algebra in terms of operators acting on a space of wavefunctions. We pick 
wavefunctions of loops V(y) and we represent the T operators by 


T(n)¥(y) = (no 7) + U(noy*), (3.113) 
1 
T?(n)(x)U(y) =— DY eX (7) U(y on’). (3.114) 
e=—1 

These kinds of expressions face regularization difficulties. They could 
be regularized by considering, for instance, “thickened out” loops and 
defining a regularized T! operator via a two parameter congruence of 

loops. A discussion of this can be found in references [2, 69]. 

Similar expressions for the quantum representation of the higher order 
Ts can be seen in reference [39]. One can check that these quantum 
operators satisfy quantum commutation relations that in the limit A — 0 
(the T”s have a prefactor of A” if one does not set h to one as we have been 
doing) reproduce the classical commutation relations mentioned above. 
All this is discussed in reference [39]. 

The resulting quantum theory is the loop representation that we intro- 
duced before. One can check all this — at least heuristically given the 
various ill-defined constructions that are involved — by formally using the 
transform. One can represent the T operators in the connection represen- 
tation (using an appropriate factor ordering) and then transform them 
into operators in the loop representation. One immediately finds that 
the representation introduced above corresponds to ordering the electric 
fields to the left in the connection representation. 

Is it preferable to introduce the loop representation via a quantization 
of a non-canonical algebra or via a transform? At this moment this is 
largely a matter of choice. Both definitions, as we have seen, face var- 
ious points where ill-defined mathematical operations are rampant. In 
fact, it is not difficult to see that many of these difficulties are somewhat 
connected. The important point that we have shown in this section is 
that there is nothing “strange” about the loop representation. It is a 
quantum representation that can be obtained directly, applying the tra- 
ditional Dirac quantization procedure. It is by no means “subordinated” 
to the connection representation and has an existence on the same foot- 
ing as any other quantum representation. The main difference between 
the loop representation and other more traditional ones is the use of an 
overcomplete non-canonical set of operators. 
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3.9.3 Wavefunctions in the loop representation 


Now that we have introduced the loop representation, what about the 
wavefunctions in such a representation. Will any function of a loop do as 
a wavefunction or are there other requirements to be met? 

As we discussed in section 3.5.1 wavefunctions in the loop representa- 
tion can be thought of as transforms of functionals of connections weighed 
by products of Wilson loops, 


Vm) -++5%m) = f dA WA (m) = WA Cn) VIA (3.115) 


An immediate property that follows from the fact that the Wilson loops 
appear in the transform as a product is that wavefunctions are symmetric 
under interchange of arguments, 


MW (Jipe Vinee Vee da) = VO erg firsa Ta) (2:116) 


Wavefunctions in the loop representation will inherit a series of prop- 
erties of Wilson loops. To begin with, they are functions with domain in 
the group of loops Lo. Since the Wilson loops are traces of holonomies, 
they are actually functions of conjugacy classes of the group of loops; for 
example, for a function of a single loop, 


U(y) =VU(noyon™) Yn. (3.117) 


For functions of multiloops a similar expression holds at each entry. It 
is immediate from the previous expression that 


W(yon) = (n07). (3.118) 


It is here that the machinery introduced in chapter 1 and 2 will be- 
come useful, since we will all the time be operating on functions of the 
group of loops. In previous approaches wavefunctions in the loop rep- 
resentation were considered as functionals of parametrized curves with 
additional restrictions and functional derivatives played the role of differ- 
ential operators. The consistency of this approach is delicate since one 
must ensure that the application of differential operators preserves the 
conditions imposed on the functional space. These issues are automati- 
cally taken care of by considering functions on the group of loops and the 
corresponding differential operators discussed in chapter 1. 

Another important property is that wavefunctions inherit the Mandel- 
stam identities among Wilson loops that we discussed in section 3.4.1. 

To begin with, the Mandelstam identities relate products of Wilson 
loops of different orders. In particular for any group of N x N matrices, 
this allows us to express a product of Wilson loops in terms of expressions 
involving at most N factors and consequently to reduce any wavefunction 
to one depending on at most N loops. 
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Let us now discuss in detail the implications of the Mandelstam iden- 
tities for the case of two-dimensional special groups (such as SU(2), 
SL(2,C), etc). In this case, the fundamental identity reads 


a ies A = (yi Ti E in) 
+W(1,---5 Yi da eisin): (3.119) 


An important consequence of this identity is that it will make it possible 
to express any functional of an arbitrary number of loops in terms of a 
functional of a single loop. That is, in these cases one can construct a 
loop representation considering functions of a single loop. 

That wavefunctions depend on a single loop does not imply that they 
are unconstrained, since many identities for wavefunctions of single loops 
can be derived from (3.119). Consider expression (3.119) for the case of 
two entries and put y; =v and yi = n. Then 


U(n, 1) = 20 (1), (3.120) 
which implies, considering (3.119) with y; = t, y; = n, that 
T(n) = Y(77}). (3.121) 
Finally applying (3.119) to 
(yon, B) = V(n° 7,8), (3.122) 


we get 
W(yonof)+U(yonoB") =U(noyoB)+U(noyof"). (3.123) 


Given this set of identities one can reconstruct the identities for multi- 
loops. 

On a practical note, although these identities are fundamental in the 
sense that any other can be derived from them, they can imply very non- 
trivial relations between wavefunctions even at the single loop level. 

Apart from these identities, as we mentioned in section 3.4.1 there are 
inequalities in terms of holonomies that reflect properties of the group (for 
instance that tell us if the group is SU(2) rather than SU(1,1)). At the 
moment the treatment of these inequalities is unclear. For instance, it is 
not established if they imply any restrictions on the wavefunctions. They 
imply restrictions on the quantities that one quantizes. This would not be 
the first time that a quantization was attempted in terms of variables that 
satisfy inequalities. For instance, usual quantizations of gravity based on 
metric variables have to deal with the fact that the metric of space must 
have a Euclidean signature. Or in a more simplified situation, consider 
the quantization of the hydrogen atom in the position representation in 
spherical coordinates, where the radial variable has to be positive defi- 
nite. Dealing with the detailed problems posed by the fact that one is 
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quantizing in a representation where variables satisfy inequalities requires 
a degree of sophistication of the theory that has not yet been attained. 
For a deeper discussion of the problems of inequalities and quantization 
see reference [41]. 


3.6 Conclusions 


In this chapter we introduced several physical techniques for the analysis 
of gauge theories. In terms of these, many of the notions of loops that 
we introduced in the first two chapters find a natural application. We 
introduced the loop representation and have shown that wavefunctions 
in the loop representation are simply functions of the group of loops. To 
develop in some detail the relationships known at present between the loop 
techniques of chapters one and two and the physical theories of chapter 
three is the subject of the rest of this book. In chapter 4, 5 and 6 of the 
book we will apply these techniques to gauge theories. In chapters 7-11 
we will apply them to general relativity in terms of Ashtekar’s variables. 


4 
Maxwell theory 


In this chapter we will study the quantization of the free Maxwell theory. 
Admittedly, this is a simple problem that certainly could be tackled with 
more economical techniques, and this was historically the case. However, 
it will prove to be a very convenient testing ground to gain intuitive 
feelings for results in the language of loops. It will also highlight the 
fact that the loop techniques actually produce the usual results of more 
familiar quantization techniques and guide us in the interpretation of the 
loop results. 

We will perform the loop quantization in terms of real and Bargmann 
[70] coordinates. The reason for considering the complex Bargmann co- 
ordinatization is that it shares many features with the Ashtekar one for 
general relativity. It also provides a concrete realization of the introduc- 
tion of an inner product purely as a consequence of reality conditions, a 
feature that is expected to be useful in the gravitational case. 

The Maxwell field was first formulated in the language of loops by 
Gambini and Trias [62]. The vacuum and other properties are discussed 
in reference [63] and multiphoton states are discussed in referece [64]. The 
loop representation in terms of Bargmann coordinates was first discussed 
by Ashtekar and Rovelli [65]. 

The organization of this chapter is as follows: in section 4.1 we will first 
detail some convenient results of Abelian loop theory, which will simplify 
the discussion of Maxwell theory and will highlight the role that Abelian 
theories play in the language of loops. In section 4.2 we will discuss the 
classical theory. We will discuss the Fock representation in section 4.3. 
We will then discuss in section 4.4 the quantization of the Maxwell theory 
in terms of real loop variables. We will recover the usual Fock space 
and the photon states in terms of loops, and study the interpretation 
of loop observables in terms of familiar notions of field theory. We will 
introduce an inner product and an interpretation of the wavefunctions in 
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terms of loops. In section 4.5 we will summarize the loop quantization 
of Maxwell theory in terms of the Bargmann representation and see how 
this quantization leads, perhaps more naturally, to the same results as the 
previous section. This will also serve as the motivation and background 
for the discussion of the gravitational case. Finally, we will discuss in 
section 4.6 the quantization in the extended loop representation in terms 
of loop coordinates. We will show how one can reconstruct a classical 
canonical theory in terms of loops, the quantization of which leads to the 
loop representation. We will see that the loop representation is directly 
related to the canonical quantization in the electric field representation. 


4.1 The Abelian group of loops 


Although one could formulate Maxwell theory in terms of the full group 
of loops, it turns out that a subgroup of it is all that is needed due to the 
Abelian nature of the theory. We find it convenient to discuss in some 
detail the properties of this subgroup since they will help us to simplify 
the treatment of Maxwell theory. 

Let us start by considering the elements of the group of loops of the 
following nature: 


K=yonoy on. (4.1) 


Generically, y and 7 could be composed of an arbitrary number of loops 
Y= Y10...97Yn, 7 = 71 0.--°%M. These kinds of loops are usually called 
commutators. It is easy to check that the set of all such loops and their 
products form a subgroup of the group of loops. We will denote it by 
Leomm-. One can immediately see that it forms a normal subgroup, i.e., 
given any element «K of Leomm, 


yoko q7! E Leomin Vy EL. (4.2) 


Whenever one has a normal subgroup, one can define the quotient 
group. In order to do this we introduce an equivalence relation, 


yan 4 yo nt = © Lemm (4.3) 


The reader can check that the relation is reflexive, symmetric and tran- 
sitive. We denote the quotient group Lape = L/Leomm- Its elements are 
the equivalence classes determined by the relation (4.3). Again it can be 
readily checked that the product of equivalence classes is independent of 
the representative element of the class chosen to perform the calculation. 

The intuitive interpretation of the equivalence relation defined is that 
we have identified the commutators in the group of loops with the identity. 
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Therefore, if yı and y2 belong to L Abel, 


YLO Y2 = VON, (4.4) 


and Lape; is an Abelian group. 

As we saw in chapter 1, gauge theories are simply representations of the 
group of loops. Let us consider representations of the Abelian subgroup 
that we constructed. We therefore need matrices H (y), such that 


A(%1)H(y2) = H(m ° %2) = A(y2 0°") = A(y2) A (1) (4.5) 


for any pair of loops y1, y2. If one wishes to consider unitary repre- 
sentations of the group of loops, equation (4.5) can only hold if H is a 
unimodular complex number, i.e., an element of U(1). 

As we saw in section 1.4, any representation (sufficiently regular) of the 
group of loops can be written locally as 


Ha(y) = exp (i $ dy Aal) ) , (4.6) 


where Aa(y) is just a real number for the Abelian case we are considering 
and therefore 


Ha(y) = Wa(7). (4.7) 


Wa() depends on the loop y only through the circulation of Ag. This 
can be written using only the simplest of the loop coordinates introduced 
in chapter 2, the coordinate of order one, 


$ dy*Aa(y) = | d?zAa(z)X* (1). (4.8) 
Y 


An interesting point is that the representation depends only on the 
information of the loop contained in the first order loop coordinate. This 
implies some strong differences with the general case. For instance, W (1¥o 
Yy © Ty © Nr) = W (Yy ° Nz), where y is any loop basepointed at y and 7Y 
is an arbitrary path and 7, is a loop basepointed at x. This implies that 
for an infinitesimal deformation 


W (1? o budvdi60 o n? o y) = W(dudvdudv o 7). (4.9) 


Therefore loop derivatives are no longer path dependent but just point 
dependent, 


Aalt?) — Aalst) Wa. (4.10) 


6) 


As a consequence, loop derivatives in the Abelian case commute, 


[Aa(z), Aca(y)] = 0, (4.11) 
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and the Bianchi identities can be expressed in terms of ordinary deriva- 
tives, 
Oa Adc] (x) =0. (4.12) 
We will now study the classical Maxwell theory and the relation of the 
classical theory to quantities in terms of loops. 


4.2 Classical theory 


The classical canonical Maxwell theory can be expressed in terms of the 
canonical pair E° (x), Ap(y), 


{As(y), E*(x)} = 5f5(z — y). (4.13) 
The only constraint of the theory is the Abelian Gauss law, 
ð Et = 0. (4.14) 


The Hamiltonian of the theory is the sum of the squares of the electric 
and magnetic fields, integrated over space, 


H = J Prinal E E’ + BB’), (4.15) 


where B° = 7c F,.. Here nap is a flat Euclidean three-dimensional metric 
and from now on we will assume all indices are raised and lowered with 
it. The commutator of the electric field and the connection with the 
Hamiltonian gives the time evolution of the fields. These plus the Gauss 
law are equivalent to the usual four-dimensional Maxwell equations. 

The Gauss law can be solved by considering only transverse electric 
fields, Es (z). The canonical theory can be reformulated entirely in terms 
of transverse fields (the transverse connection A‘ (x) is defined in terms 
of the fixed flat background metric), the canonical pair is then given in 
terms of Dirac brackets by 


{Aq (v), EF (2)} = ôri(z — y), (4.16) 
where the “transverse Dirac delta” is defined by 
br § (x — y) = 6$6(z — y) — A78 (1 — y), (4.17) 


where AT! is the inverse of the Laplacian of the background metric on 
the three-manifold. 
A usual simplification is to consider momentum space variables, 


Ag (x) = an [ek exp(ik - Z)[q (kJel (k) + q2(k)e2(k)], (4.18) 


Ep(z) = mane f @kexp(—ik - Ip" Bet (E) + p? (E)eg (E), (4.19) 
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where e% (k), e4 (k) are transverse vectors and their dual one-forms in 
momentum space are normalized such that k*e4 = 0, e% (kje? (k) ye 
eA(k) = (e4(k))* = eå(—k); also q(—k) = q*(k) and p(—k) = p*(k). 
These relations can be inverted to yield 


TOE T J x exp(—ik- Z)e%(&)AT(x,) (4.20) 
Ji TAE / dx exp(ik AEE: (4.21) 
with A = 1,2. 


The ga(k), p4(k) capture the two degrees of freedom of the electro- 
magnetic field and describe the radiative modes corresponding to the two 
possible helicities of the photon. One can reformulate the theory in terms 
of these variables. The Poisson brackets are 


{qa(k), p” (k')} = 688 (k + k’). (4.22) 


The Hamiltonian, written in terms of these basic variables, adopts the 
form of an infinite collection of harmonic oscillators, one for each k, 


H =} | Ëk (pa(Ep^ (F) + |kPaa(Ra4(-k)). (4.23) 


Let us now introduce the two quantities, 


aa(k) = Js (Viia + geal) , (4.24) 


* (TL. y p I. 
ai4(k) = Tz ( |k|qa(—k) — grat) y (4.25) 
with Poisson brackets 
{a4 (k), ah(k')} = —iôaBô(k — k'), (4.26) 
in terms of which the classical Hamiltonian reads 
Hs J BP k\k\at,(k)a° (È). (4.27) 


4.3 Fock quantization 


The Fock quantization arises by considering the number representation 
for each harmonic oscillator of the Hamiltonian (4.23). Since there is a 
continuous infinite number of oscillators, one for each k, it is convenient 
to consider quantization in a finite region of space (“a box”) in order to 
have a countable infinity of modes ki. Then, the canonical commutation 
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relations become 
{a,(ki), a%(kj)} = —i6ij-5aB (4.28) 


The Hamiltonian becomes 
OO 
H =) |ki| aG(Ki)a® (ki). (4.29) 
i=1 


One can introduce the Fock representation directly by considering the 
quantum representation of the algebra (4.28) in a space of functions of 
infinite pairs of integer variables ®(...,n;,¢,...). Each variable represents 


the state of each harmonic oscillator for a given k; and a given polariza- 
tion. The representation of the algebra is as follows: 


a* o(k;) ®(. sau Da Te J/niC O(... Nj D— CD,- -), (4.30) 
aic(kj)®(...,nic,-..) =4/njo +1 8(... nip +ôcp,...), (4.31) 


where the wavefunctions vanish if any of their arguments are negative 
numbers. 
The commutation relations can be immediately derived: 


[âp (ki), a* B(k;)] = ĉijô4B. (4.32) 


The next step in the quantization program is to introduce an inner 
product. This can be readily done: 


< |Y >= 
OO (© ©) (© @) (©) 
* 
3 ` aces `> ` oe O(N1,1, 21,2, +++ 7,1, 27,2, --+) xX 
n11=17n1,2=1 nj =l nj,2=1 


xW (11, 10125 +++ 7,1, 5,2,-- ye (4.33) 


In terms of this inner product the operators aic(k;) and a*o(k;) satisfy 
the relations 


âb (kj) = a*c(k;), (4.34) 


where { means adjoint in the operatorial sense. One can now define the 
Hermitian operator N(k;,C) by 


a — 


Ñ (kj, C) = al,(k)ac(k) (4.35) 
with no summation over C. o 
The explicit action of the operator N (kj, A) is given by 
Ñ (kj, A)T (ni1, n12, nali URE NI 2, i .) = 


nj AŬ (ni1, 1 ,25-+ +5711, M1,2)-- .). (4.36) 
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The reader can immediately notice the resemblance with the usual har- 
monic oscillator: â and ât are annihilation and creation operators and Ñ 
is the number operator, and we have one of each per momentum kj and 
polarization C. The usual commutation relations follow: 


[N (ki, C), âb (k;)] = ĉijôcpâh (Ki), (4.37) 
[Ñ (ki, C), âp(k;)] = —6;;6cpap(k;). (4.38) 


Let us now introduce the quantum Hamiltonian. Rewriting (4.23) in 
terms of creation and annihilation operators, one gets 


H =} Y |kj\(al,(k)a° (kj) + 4) (4.39) 


and it should be realized that this corresponds to a different factor order- 
ing than the natural one that we would have inferred from the classical 
expression (4.27). This expression is divergent even for the case we are 
considering (a finite box) since we are summing the zero point energy 
for each of the infinite excited modes. In order to make this expression 
finite, it is usual to subtract the zero modes through the procedure called 
“normal ordering” (denoted by enclosing expressions in colons) consisting 
in ordering the at to the left, 


: Ê := 1Y [kj |(ab(k)a° (k;)). (4.40) 


Since H commutes with Ñ (ki, C), Vi, C, both operators could be di- 
agonalized simultaneously. In the representation we are considering, this 
can be accomplished straightforwardly by determining the vacuum state. 
This is the state with minimal energy and it can be checked that such a 
state ®o satisfies 


âc(k;)do =0 Vk,C. (4.41) 


Once this state is given, the whole space of “excited” states can be 
spanned by applying the “creation” operator ât. One can interpret this 
construction in terms of particles: the application of the operator ât (ki) 
creates a photon with polarization C and three-momentum ki. This can 
be verified by computing the normal-ordered momentum operator Ê, = 
f dx Fy : in this state. It can be checked that : H? — P,P’ := 0 and 
therefore the photon is massless. 

To diagonalize the Hamiltonian and number operators we introduce a 
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basis of states labeled |n1,1, 71,2, ...,7j,1,j,2;--. >, defined by 


=~ 


co 62 
1 
\n1,1, 71,2, eee MIL Nj, 2. a= = (ah (k ))">¢ |0, As ,0 > 
II C= njc! : 
(4.42) 


where |0,...,0 > is the vacuum. Therefore 


H In11, 1 25-+-+) M5 1,172,--- >= 


œo 2 
` ` UZKO; LA [21,15 1,2; oy RG 1,25,2,++. >; (4.43) 


N(k;, C) Ini, 1,2) aides s Nj l 5,2; E em 
Nj,c|N1,15 N1235- + 9 Mj, l Nj, 2. > (4.44) 


and this is what is usually called the Fock basis. 
It is useful to introduce a dual Fock basis through the relation, 


< 1,1, n1,2, oe UIRE 04.25 RERA IMi, 1; M1,2, AE 9 Mj 1 75.2, pre DS 
œo 2 
IT T Emjoinio (4.45) 


and this relation leads naturally to the inner product (4.33). 

The Fock basis describes naturally states with a definite number of 
incoherent photons of definite energy and momentum. These states have 
vanishing expectation values for the field operators E¢ and Âe. They 
therefore present a description of electromagnetism that is not naturally 
associated with the classical one. To be able to make contact with the 
classical limit more easily it is convenient to introduce a basis of states 
in terms of which the expectation values of both E* and A, are non- 
vanishing. The elements of this basis are called the coherent states. 

The coherent states form a basis labeled by arbitrary complex numbers 
Qi c, associated with each mode. Their definition is 


ac(k;)\ax,1, O11 25 ++ +5 Æj, 13 Æj, 2; >25 a5,0|01,1, O11 25 +++ 5G 1, Aj 2,.-. > 
(4.46) 
and can be written in terms of the vacuum as 
lor, O12) +--+ 771,052)... = 
co 2 7 
II I exp(—tleicl”) exp(4ai,cat,(ki))|0,...,0 >. (4.47) 
i1=1 C=1 


It should be noticed that the states introduced do not strictly belong 
to the Fock space but to its closure, due to the infinite summation. It can 
be checked that these states minimize the uncertainty in both the electric 
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field and the connection and are therefore the closest to a “classical” 
configuration one can get. 

Since we did not impose any restrictions on the eigenvalues of annihi- 
lation and creation operators while defining the coherent basis, it follows 
that the basis is overcomplete. A given state can be expanded in terms of 
this basis in infinitely many different ways. We will see later a connection 
between this overcompleteness and that of Wilson loops. 


4.4 Loop representation 


In order to introduce the loop representation let us first remind the reader 
of some aspects of the usual connection representation of the Maxwell the- 
ory. We can particularize the steps we presented in the previous chapter 
for the canonical quantization of Yang-Mills theories to the Maxwell case. 

The connection representation is the most natural quantization since it 
is based on the straightforward quantization of the canonical algebra of 
connections and electric fields, taking a polarization based on wavefunc- 
tionals of the configuration variables. 

Let us therefore start by picking a polarization in which wavefunctions 
are functionals of the connection Y[A] and promote the connection and 
electric field to quantum operators, 

2a 6 
E WA] = —i 5A, 
A,¥[A] = Aa Y[A]. (4.49) 


LAI, (4.48) 


Notice that we are considering functionals of the full (non-transverse) 
connection, so we will have to enforce the Gauss law as a quantum con- 
straint, 


I 
6A, 


which tells us that U[A] has to be a gauge invariant function of A. We 
are imposing gauge invariance at a quantum level. This is different from 
what we did in the previous section where we solved the constraints at 
a Classical level (reduced phase space quantization). Therefore there is 
potential for these two procedures to be inequivalent. 

We can now formally write the quantum Hamiltonian, 


GUA] = 0,—— V[A] = 0, (4.50) 


ó ó 1 
HY[A] = [ea (n 5A, 5A, * sin FacFea YA], (4.51) 


though it is clear that a detailed discussion of the first term requires a 
regularization. 
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One can solve the eigenvalue problem for this Hamiltonian (in terms of 
gauge invariant functions in order to satisfy the Gauss law) and determine 
the ground and excited states of the theory [63]. We will return to these 
issues in terms of other representations. 

Let us now proceed to construct the loop representation. As described 
in the previous chapter one can introduce a loop representation either in 
terms of a non-canonical algebra of classical quantities or via a transform. 

In the Abelian case one can immediately find a non-canonical algebra 
of gauge invariant operators in terms of which one can write all physical 
quantities by simply considering the Wilson loop and the electric field. In 
order to keep the construction as close as possible to that which we will 
later perform for the non-Abelian cases, let us introduce the operators 


T(n) = W(n), (4.52) 
T? (nz) = E° (x£)W (n), (4.53) 
which satisfy the non-canonical algebra 
{T (n), T(y)} =9, (4.54) 
{T" (Yz) T(n)} =—iX °" (n)W (n © 7), (4.55) 


{T° (Yz), T’ (ny) } =—i X (n)T’ (y o n) + iX™(y)T*(n 0-7). (4.56) 


A quantum realization of this algebra in a space of loop-dependent 
functions is 


T(n)¥(y) = P(n o7), (4.57) 

T° (ni) YY) =X (7) Y(n 07), (4.58) 

and the reader can check that this realizes correctly the Poisson algebra 
in terms of quantum commutators. A choice of factor ordering with the 


functional derivatives to the right has been made. 
The loop transform is given by 


U(y) = J DAexp (-: J d°zX*(y)Aa(2) [A] (4.59) 


and due to the Abelian nature of the connection the integral can be rig- 
orously defined [65]. 


If one considers operators T (y), T° (y2) in the connection representation 
defined by 


T (7) ¥[A] = Waly) VIA], (4.60) 
T(yZ)U[A] = E (x)Wa(y)¥[A], (4.61) 


one can check that applying the transform (4.59) one obtains the operators 
introduced in (4.57),(4.58). 
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In terms of the non-canonical algebra one can express the electric field 
and the field tensor in the following way: 


nw 


Fala) = iA (E) TO) h= (4.62) 
E (2) =T°(72)|y=u5 (4.63) 


where z is the identity loop. This allows a loop representation to be found 
naturally through equations (4.57),(4.58), 


Fao(2)¥(7) = —iAqo(x)¥(y), (4.64) 
E(x) U(y) = X (7) U(). (4.65) 


Therefore there is a natural interpretation of loops as lines of electric flux 
in this representation. 

One could arrive at these expressions by using the loop transform (4.59), 
integrating by parts and considering the action of the fields on Wilson 
loops in the connection representation, 


Fyy(2)W (7) = Fap(2)W (7) = —iAan(x)W (7), (4.66) 
E9(2)W (7) = X*(7)W(y) = $ dy*5(x — y)W (y). (4.67) 


The last expression ensures that the Gauss law is automatically satisfied 
in the loop representation (due to the transverse nature of the first order 
multitangent X°*(y)). This is a natural consequence of the fact that 
the loop representation is based on the quantization of an algebra of 
gauge invariant objects. Only gauge invariant quantities can be realized 
naturally in the loop representation. Gauge dependent objects could be 
introduced by means of the connection derivative defined in chapter 1. 
The gauge dependence is introduced through the path prescription used 
in the definition of the connection derivative. 

The commutation relation of E and F, 


(Fealy),E (x)] = —i62046(a — y), (4.68) 


finds its natural counterpart in the expression of the action of the loop 
derivative on the loop coordinate that we introduced in chapter 2, 


Realy) X (7) = Sql — y). (4.69) 


One can now realize the Hamiltonian in terms of loops. The magnetic 
field portion of it is given simply in terms of loop derivatives, 


hB (2) B (2) ¥(7) = nn Aan(t) Aca(t) U7). (4.70) 


The electric field portion is given in terms of two loop integrals, which 
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can be reexpressed as 


nasil («)B (2) (Y) = nav XF MX ME). (4.71) 


The Hamiltonian eigenvalue equation then reads 


AY = d° x (- tnn Aalt) AcalT) T iNX (y) x" (7)) Wy) 
= EW(y). (4.72) 


The second term can be suggestively rewritten as 
[Bax (y) x" (Uy) = $ dy* $ dy*5y—y)nas¥(y), (4:73) 
y y 


which is proportional (through a divergent factor that needs to be reg- 
ularized) to the length of the loop. Therefore the eigenvalue equation 
can be qualitatively interpreted as a “Laplacian” in terms of the double 
loop derivative and a “quadratic potential” given by the length of the 
loop. Notice that the other term, involving the loop derivatives, is also 
potentially ill defined. If one considers wavefunctions such that their loop 
derivative is distributional a regularization may be needed. We will not 
discuss the details here since for the particular case of Maxwell theory 
the extended representation discussed in section 4.6 furnishes a natural 
setting to regularize the theory. 

Let us now study the vacuum and excited states of this system. One 
possible avenue is to take this analogy with the Hamiltonian of a harmonic 
oscillator seriously and propose a “Gaussian” state of the form 


vola) = exp (—3 $ dy” $ dy” Kalu - v')) (4.74) 


= exp (—3X*(7)X(7) Kas ty) (4.75) 


and insert this expression in the eigenvalue equation for the Hamiltonian 
to determine Kap. This course has actually been pursued in reference 
[63]. Here, however, we will find the vacuum by introducing the cre- 
ation and annihilation operators in the loop representation and finding 
the state annihilated by the annihilation operator. It will turn out that 
this construction yields the same vacuum as that of reference [63]. 

Both the creation and annihilation operators can be readily realized in 
loop space. To introduce them we need to realize the q and p operators, 
and therefore the A! operator. To do so we use the relation in the classical 
theory 


OF, = AAF, (4.76) 


where A is the three-dimensional Laplacian, and realize this expression 
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in terms of the loop derivative. Then, 


A 


AT (2)W (9) = ~i Aal) Yh). (4.77 


In terms of this expression, the operator g4(k) is, 


E pb 
VVO) = gya | Pre-K eA E Erle). (4.78) 


The operator p! (k) can be realized immediately, 
PARUO) = Gee | Peed (EX (Oy). (479) 


Therefore the creation and annihilation operators in the loop represen- 
tation have the forms 


3 = b 
a, (k) Pa fa T (evik DA g ba ( ) 
Tia Plik: DeaalDX%(9)), (480) 
xj z b 
âa(k) san fa T (eoi T)e% (k) zn ba ( ) 
Hina exp(—ik - ‘ecalB)X**(7)) (4.81) 


We now apply (4.81) to (4.74). The application of the first term in â 
yields, 


a Se. hak eee 
- Ga | dx exp(—ik - Z)e%(k)y/|k|X™ (7) Kaz ty¥o(y)- (4.82) 


We must now determine Kazby so that this terms cancels the second 
one. It can be straightforwardly checked that if one takes, 


1 d°q ee 
Kazby = (ams? J Tal 1 exp (—ig: (Z — 9) (4.83) 


the two terms actually cancel. The expression for K is that of the homo- 
geneous symmetric propagator of Maxwell theory. 

It is now immediate to find the excited states, simply by operating with 
at on the vacuum. The first excited state is given by 


1 


WY) = oon [ee ae <= exp(-ik  B)eaa(B)X"*(7)Wo(1). (4.84) 
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This expression can be more compactly written in k space. Introducing 
the Fourier transform of the multitangent, 


a 1 T A yar 
X% (y) = OSEE [es exp(—ik - Z) xX (q), (4.85) 
the first excited state is 
A,k 1 ee 
vy) = wgaracea(R)X"'Wo(9), (4.86) 


This state corresponds to a photon of momentum k and polarization 
A. The objects X**(7) are usually called “form factors” of the loop. The 
form factors are transverse, 


ka X% (y) = 0. (4.87) 


and therefore their only relevant components are the projections on the 
polarization vectors. 
The n-photon state is given by, 


Plrk An kn) (y) = ( = 


aiy )xe ) Yoly). (4.88) 


An appealing fact is the form of the coherent states in this representa- 
tion. They are given by 


Y (y) = W (7, A)Vo(y), (4.89) 


where W (y, A) is the Wilson loop along the loop y of a given connection 
A. It can be readily checked that these states are eigenvectors of the 
annihilation operator. When one operates with (4.81) on the state the 
first term (involving the loop derivative) acts both on the Wilson loop 
and on Wo(y). The action on Wo(y) cancels the contribution from the 
second term of (4.81) as we observed when deriving the vacuum. The 
action of the loop derivative on the Wilson loop gives the field tensor Fab 
of the given connection, as we showed in chapter 1. The eigenvalue a is 
therefore given in terms of the connection as 
i 
|k [3/2 
The field tensor so introduced actually has a physical meaning. It 
corresponds to the expectation value of the spatial part of the Maxwell 
field tensor in the coherent state in question. 
Up to now we have operated with the Hamiltonian in a formal fashion, 
ignoring the issues of regularization. As a result, the eigenfunctions we 


e% (k) k° F (k). (4.90) 
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find are really ill defined. This can be readily seen from the expression 
of the vacuum (4.74) since the propagator diverges quadratically when 
T —> y. 

A suitable regularization for the second term of the Hamiltonian is to 
replace the delta function by a function fe(y — y') such that 


lim fe(y — y') = 6(y — y’). (4.91) 
Explicitly, 
1 ” 
N 3 -> R 
fu-V) = n | Parllaleyexrtid--v)), (492) 
where the function r is defined such that 
oO 
f Hirst (4.93) 
0 
and explicit examples of such a function are 
r(x) = (1 — x) exp(—z), (4.94) 
r(x) = (1 — $2)O(1 — 2). (4.95) 


If one now repeats the procedure that led to the vacuum taking into 
account the regularization, one finds that the vacuum of the regularized 
Hamiltonian is also given by a Gaussian, 


(y) = exp (- f av" fw Kool t — »)) i (4.96) 


where the regularized propagator is given by 


1 r(e = 
ab (T — Y) = Oar OAE J d*q a exp(—7¢-(y¥—y’)), (4.97) 
where r(x) is the function that we introduced while regularizing the 
Hamiltonian. Other regularizations for this same problem have been con- 
sidered in reference [64]. 

Finally, we can introduce an inner product. We define a normalized 
form factor as 


1 
lk |1/2 


C%(k) = x*(y), (4.98) 


in terms of which we introduce an inner product, 
< 1(7)|2(y) >= | DCDC* O}(C,C*)B2(C,C*). (4.99) 


The integrals on C and its complex conjugate are functional integrals. 
Note that the functional integrals defined above can only be computed in 
practice if one assumes that the normalized multitangents are arbitrary 


4.9 Bargmann representation 103 


transverse fields, not necessarily associated with a loop. Therefore one 
is really going to an extension of the representation in order to perform 
it. We will return to these issues when we discuss the extended loop 
representation in section 4.6. The vacuum (4.74) is normalized with this 
inner product, 


J dC'dC*U9(C)*V9(C) = f DCDC* exp (- J d°&C*(K) CR) =e 
(4.100) 

Because in this representation excited states are proportional to the 
vacuum, the factor exp (- f d?kC**(&)C®(k) 5.8 ) acts as a Gaussian mea- 


sure in the inner product and the vacuum is simply represented as a 
constant and the excited states by the projections of form factors on the 
polarization vectors. We will see that a similar feature arises naturally in 
the Bargmann representation. 


4.5 Bargmann representation 


In 1962 Bargmann introduced a complex coordinatization for the har- 
monic oscillator. It is based on using as canonical coordinates z = q + ip 
and z*, its complex conjugate. The resulting formulation is very elegant, 
wavefunctions are holomorphic, and the inner product is determined, fix- 
ing the reality of the relevant operators. This formulation has several anal- 
ogous elements to Ashtekar’s formulation of general relativity in which one 
of the canonical coordinates is complex and the other real. The hope is 
that similar analytic properties will help determine the inner product of 
quantum gravity. In this section we will present a Bargmann-like formu- 
lation of Maxwell theory in terms of both traditional variables and loops. 
This formulation naturally fixes the inner product to be the complex mea- 
sure introduced a bit arbitrarily in the previous section. This treatment 
follows closely that of Ashtekar and Rovelli [65]. 


4.5.1 The harmonic oscillator 


The canonical formulation of the harmonic oscillator is given in terms of 
coordinates g,p and the Hamiltonian is H = p? + w?q?. Quantization is 
achieved through wavefunctions (q) and the eigenvalue equation for the 
Hamiltonian is (—0*/0q? + w?qg?)Y (q) = EWV(q). The eigenstates of the 
system are given by a Gaussian in q times the Hermite polynomials. 
Normally, as mentioned above, the Bargmann representation involves 
both real and complex coordinates. Discussion of the harmonic oscilla- 
tor in those coordinates can be seen in reference [2] and in Bargmann’s 
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original paper [70]. Here, however, we will explore a fully complex rep- 
resentation which is better geared for comparison with what was done 
in reference [65] for the Maxwell case. One could also treat the Maxwell 
case in a mixed polarization and then it would more resemble Bargmann’s 
original treatment. 

Assume now that a complex coordinatization given by the variables 
and z = 5 (wa — ip) and z* = a (wa + ip) is introduced. The Poisson 
bracket is {z,z*} = iw. The variables satisfy reality conditions that say 
that they are complex conjugates of each other. One can then construct 
a representation of the canonical algebra on holomorphic functions W(z), 


ZU (z) = zV(z), (4.101) 
z*U(z) = im (4.102) 


An inner product is introduced that translates the reality conditions 
into operatorial relations: 


al = 2*, (4.103) 
pee (4.104) 


We will now use these relations to determine the inner product. Let us 
start with a generic inner product, 


< |Y >= J dz | dzy(z, z)®(z)V(z), (4.105) 


and if one now requires that the operatorial relations be satisfied this fixes 
the measure uniquely to be 


u(z, zZ) = exp(—2Z). (4.106) 


In terms of these variables the quantum Hamiltonian of the harmonic 
oscillator is 


HY(z) = tw Ge + 1) WV (z) (4.107) 
where we have chosen a symmetric factor ordering in z and z*. This 
ordering corresponds in the traditional variables to H = p +wq?. The 
vacuum is simply Vo(z) = 1 and the excited states are polynomials in z. 
With the given measure, polynomial states are normalizable. 

This is attractive because just by requiring the reality of the classical 
operators the inner product is uniquely fixed. Since Maxwell theory is 
just a collection of harmonic oscillators, it is immediate to construct a 
Bargmann representation. Since the reality conditions are a structure 
that is present in other theories (e.g. gravity) where other structures 
that one could use to build an inner product (e.g. Lorentz invariance) 
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are absent, this gives some hope that a similar construction could yield 
the inner product for those theories. It is certainly reassuring that this 
construction at least yields the correct result for Maxwell theory as we 
will discuss in the next section. 


4.5.2 Mazwell—Bargmann quantization in terms of loops 


For the kind of calculation that we will perform in this section, it is 
convenient to introduce circular polarization. We express the fields as 


AT (x)= IE saa dk exp(ik - 2) (q 1° (E)ma (E) + 95° (Emz (K)), (4.108) 


bind J d°k exp(ik - Z) (pi (E)me (k) + py” (k)m**(k)), (4.109) 
where the complex polarization vectors satisfy* 
k*ma(k) =0, m(k)m(k) = 0, (4.110) 
ma(—k) = —m**(k),m?(k)m*(k) = 1. (4.111) 


Given a conjugate pair A? and E% of Maxwell theory, one could de- 
compose it into positive and negative frequency (for instance, by evolv- 
ing it and decomposing the resulting spacetime solution). Examining 
the canonical commutation relations one finds that the positive frequency 
connection and the negative frequency electric field form a conjugate pair, 
given by, 


1 


A (z) = Ti ) + iA~ (Er) nav) 


oa STR exp(ik-) (Gi (k)ma(k) + Co(k)m*(k)), (4.112) 


Ep” (x) = + iAl/? Ar ne?) 


zË h(a) 
dk a er en 7 */ EN */L 
= f ar Pl- Gi (—R)oma(R) + G3 (Emi (B) (4.113) 


where ¢(k); = 3 kh? (k (k) — ip\? (k)). The definition of the Cs embodies 
exactly the a construction that we performed for the harmonic oscil- 
lator. The true degrees of freedom of the Maxwell field are now embodied 
in the two complex ¢ fields. They provide a complex coordinatization on 


* If one translates back to the language we used in section 4.2 by considering that the vector 
Ma(k) = Ja (ea (hk) +i€2 (k)) one finds that el (k) = —e}(—k) as before but e? (k) = e2(—k). 
These conventions are also used by Bjorken and Drell [71]. 
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the phase space of Maxwell theory. The canonical commutation relations 
for the Cs are 


{CB (k), Co (K)} = ilk|óBcó(k — k’) (4.114) 


and we see the close relation between the Ç variables and the a, a* variables 
that were introduced for the Fock representation. 

Let us now quantize the theory by promoting the variables to quantum 
operators: 


Ca(k)U(C) = Ca(k) U(6), (4.115) 
M” ST () 
OLO = (i) (4.116) 


where the wavefunctions to be holomorphic functionals of the arguments. 
One would like the fact that ¢ and ¢* are conjugate to each other 
translate itself into an operatorial relation of the kind 


Chk) = Ca; (4.117) 


where by f we mean the operatorial adjoint under a suitable inner product. 
This relation implies that explicitly in terms of the inner product 


To find an inner product that satisfies this condition, one can simply 
propose an explicit expression 


< VI >= | KAGUE OLORO), (4.119) 


where u(¢,Ç*) is the measure to be determined. It is easy to check that 
the condition (4.118) uniquely implies [70], 


* d*k I.\|2 7.\|2 
u(Ç, Ç*) = exp (- Tey H) + |62 (k)| ). (4.120) 


So we again get a Gaussian measure. Since the wavefunctions we are 
considering are holomorphic, we immediately conclude that this repre- 
sentation is essentially the same at the level of inner product and wave- 
functions as the real connection representation that we introduced before. 
Again, we should notice that we found the Gaussian measure without any 
reference to Lorentz invariance. This therefore makes the method attrac- 
tive for tackling cases in which such invariances are not present, such as 
in gravity. 
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In this representation, the normal ordered Hamiltonian is 


H= [EE co nT (4.121) 


The ground state, Y(¢) = 1 is equivalent to the Fock vacuum. A one- 
photon state with given polarization and momentum ko is given by a linear 
function Y = Ç(ko). A generic one-photon state with given polarization 
is given by a superposition in momenta, 


Wild) = | wy flac lk) (4.122) 
with obvious generalizations for the n-photon states. 

We now proceed to construct the loop representation. As usual we 
could proceed by quantizing an algebra of non-canonical loop-based gauge 
invariant quantities or via a loop transform. Since we have given examples 
of the first kind of construction before and in this particular case it leads 
to the same results, we will simply proceed with the transform. This will 
also allow us to show how the transform is explicitly defined for an Abelian 
theory. As we said before, for the Maxwell case the loop transform is well 
defined. In terms of the Bargmann coordinates, it reads 


(7) = J TI PeDe exp (- JSt )| *) exp (f auat) wc): 


k| 
(4.123) 
Notice that in the definition of the loop transform introduced in chapter 
3 the complex conjugate of the Wilson loop appears. For the real case 
which we considered before this amounts to a change of sign due to the 
1 that appears in the definition of the holonomy. Here it implies the 
complex conjugate of the connection, 


farat= | ong =r CONOC EO (B)(X**)*) 


- {ty E Cal (4.124) 


k| B 
where 
XI = (2r)? ma (k (XE), X3F = (2r)? mi (k)( X)". (4.125) 


Also, as we said in chapter 3, the introduction of a loop transform 
requires the introduction of an inner product in terms of connections. 
Since we have the Gaussian inner product given by the reality conditions, 
we use it in the definition of the transform. 
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Therefore the expression for the loop transform for this particular case 
is given by 


3 
v0) = | I] Dee Dee exp (- J Be) 
B 


T + 
x exp ( [Sd a(x) WC). (4126) 
|k] B=1 


Let us now evaluate this explicitly for some states. Generically the 
n-photon states are going to be polynomials in Ç. It is easy to transform 
such states. Simply expand the exponential exp(¢3.Xg) and note that 
the ¢"//n! are an orthonormal basis with the Gaussian measure. Then 
the loop transform of any state U(¢) = >>, C,(¢)” is simply given by 
W(y) = >, Cn(X)” with immediate generalizations for states depending 
on several Cgs. The vacuum, in particular, is V(y) = 1 and the one-photon 
state with helicity B and momentum k given by 


Wi (7) = X$ (7). (4.127) 


With this we end the discussion of this representation. Let us now 
compare the results obtained with the loop representation constructed 
from real variables. The first thing to notice is that the use of the reality 
conditions in the Bargmann case fixes a non-trivial inner product in terms 
of connections and therefore a non-trivial measure in the loop transform. 
Historically, this was not done with the real loop representation since 
the intention was to recover the Fock space structure (which, in turn, is 
determined by Poincaré invariance). However, it is very easy to check that 
if one constructs a connection representation for the real case in terms of 
q and p and requires the quantum operators g and p to be real, the inner 
product given by the trivial measure in q,p appears as a result. This, in 
turn, implies the trivial measure in tle As which is the one we used in 
section 4.4 to compute the loop transform. 

The appearance in the Bargmann case of a non-trivial measure in the 
inner product and the loop transform implies certain important differ- 
ences in the two representations. To start with, the vacuum is just a 
constant. The Gaussian factor that appeared in the real representation is 
“absorbed in the non-trivial measure”. Although one may consider this 
point irrelevant from a practical point of view, it has implications in the 
rigorous definition of the space of states. In fact, while in the real case 
we needed the introduction of a regularization to have a well defined vac- 
uum and space of states, in the Bargmann case the states are well defined 
without the introduction of a regularization. 

Have we gained something from nothing? That is, can we forget the 
regularization issues altogether by considering a non-trivial measure in 
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the loop transform? The answer is negative. If one wishes to complete 
the quantization in the loop representation, one would like to introduce an 
inner product in terms of loops, as was done in section (4.4). If one does 
so in the Bargmann case, one notices that now a non-trivial Gaussian 
measure in the Fs appears in the loop representation. ‘This measure 
coincides exactly with the expression of the vacuum in the real case. If 
one wants to define an inner product only in terms of loops, the expression 
of the measure is illdefined. If one wants to proceed as in section 4.4 and 
“extend” the inner product to all Xs then the difficulties disappear at the 
price of extending the notion of loops. 
Let us now study the extended representation. 


4.6 Extended loop representation 


We will now explore the consequences of introducing an “extended loop 
representation”, a representation based on the loop coordinates intro- 
duced in chapter 2. We will immediately see that such a representation 
presents computational economy, technical cleanliness and also allows us 
to view in a conceptually different way the problem of loop quantization. 
We will see that regularization difficulties are better dealt with in terms of 
loop coordinates. We will also see that we are also able to determine the 
classical canonical theory that underlies the loop representation. In the 
particular case of Maxwell theory we will see that the extended loop rep- 
resentation coincides with the electric field representation. This, however, 
does not generalize to non-Abelian fields and in those cases the extended 
loop representation is a new representation that contains the loop repre- 
sentation as a limiting case. As a bonus we will find a way of writing the 
action for electromagnetism purely in terms of loops. This version of the 
action is amenable to lattice Monte Carlo techniques and has the poten- 
tial to offer new insights into non-perturbative QED problems. The fact 
that so much is gained in the Maxwell case by going to an extended loop 
representation clearly suggests that a similar avenue should be pursued 
in the non-Abelian cases and especially gravity. 

Let us start by replacing in our formalism the usual loop holonomy by 
its extended counterpart in terms of the loop coordinates, 


iG) <i Sep (i / da Acn xe) | (4.128) 


Because of the Abelian nature of the theory we only need the first 
order multitensor, which can be simply viewed as a divergence-free vector 
density on the three-manifold, 


ðar X = 0. (4.129) 
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One can now introduce a loop coordinate representation by means of 
the transform 


U(X) = / DAW[A] exp (-ig J dzAala)X*) (4.130) 


In this representation, wavefunctions are functionals of the smooth vec- 
tor density X. In terms of this representation we can realize the operators 
aar 


a 


Fa, E and the Wilson loop W(X) through 


W4(Xo) U(X) = U(X — Xo), (4.131) 
E% U(X) = X** U(X), (4.132) 
A ó 
Fup (a) U(X) =? aoe W(X). (4.133) 
As a consequence, the quantum Hamiltonian reads 
i lena 1 A 
Ê W(X) = f Ba [38e + 7 aÊ)? VOX), (4.134) 
where 
Š — ó 
From these equations, one realizes, making the identifications 
Pye — Abs, (4.136) 
Kecap, (4.137) 


that the representation we have just introduced is nothing but the electric 
field representation of electromagnetism, and the vector density X° is just 
the electric field. This is in agreement with the picture that we introduced 
before in which the loops played the role of lines of electric flux. 

A remarkable fact is that one can go back to the loop representation 
through the substitution X** — X%(-+). For instance, if one finds a phys- 
ical state in the extended representation one can find a physical state in 
the loop representation by evaluating it on multitangents (since it is a 
function of multitensors, it has a definite value for multitangents). Care 
should be exercised in general since multitangents are distributional and 
limits could be ill defined. For the particular case of Maxwell theory it can 
easily be checked that the converse property also holds: if one replaces 
multitangents by multitensors in the physical states of the loop represen- 
tation, one obtains the physical states for the extended representation. 
This does not, in general, hold for non-Abelian fields. 

Using this correspondence we can immediately write the expression for 
the vacuum in the extended loop representation, 


U(X) = exp (-3 / d'r J yX X” D(z — v)) (4.138) 
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Here we observe a crucial feature of the extended representation. While 
the vacuum in terms of loops is, as we pointed out, a singular divergent 
quantity that only makes sense after a regularization procedure has been 
introduced, the vacuum in the extended representation is automatically 
well defined. It is an analogous situation to the one that appears in clas- 
sical electrostatics: if one tries to formulate the theory in terms of point 
charges one needs to regularize it, whereas the theory is automatically 
well defined if one considers smooth charge distributions. It is natural to 
expect that a similar behavior will appear in non-Abelian theories and 
quantum gravity. This is one of the main features that make the ex- 
tended representation attractive. The loop representation only appears 
as a singular limit, in the same spirit as the electrostatics of point charges 
appears through a limiting procedure from the electrostatics of smooth 
charge distributions. 

The existence of the extended loop representation is an illustration of a 
property pointed out by Ashtekar and Isham [73]: that there exist possibly 
non-equivalent representations of quantum theories. One can introduce 
an inner product in the loop representation in terms of extended loop 
coordinates that allows a Fock interpretation as we did in section 4.4. 
This is the natural inner product in the extended representation and 
corresponds exactly to the inner product one introduces in the connection 
representation to implement the reality conditions of the theory. One can 
also introduce a representation in terms of usual loops and a discrete 
inner product which seems to describe naturally the states of a Type II 
superconductor [73]. 

Since we have a theory written in terms of usual smooth tensorial 
quantities with a well defined Hamiltonian it is immediate (in this sim- 
ple Abelian case) to introduce a classical action in terms of which one 
can formulate the theory. This is by no means trivial. Whereas usually 
the loop representation has been viewed as a “mysterious” construction 
that either arises indirectly via a transform or through an unusual non- 
canonical quantization, the extended representation teaches us that one 
can actually find a canonical classical theory in terms of which a straight- 
forward quantization leads to the loop representation. This construction 
can actually be generalized to the non-Abelian cases, although it presents 
more subtleties than the Abelian case we are examining here. 

Let us therefore write the classical action which yields the quantum 
theory corresponding to the extended loop representation, 


S = [at P, , X” — È XX + z (Aa Pia)? + D . (4.139) 


We immediately recognize the action for classical electromagnetism if 
we identify the loop coordinate with the electric field and the momentum 
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with the connection as we did before. 
This action could be rewritten in terms of loops, 


S= faf | ayaa) +} fd ePas(2)Fas(o 


+ | dy* f ay*fey—v')}. (4.140) 
Yt Yt 


where fe is a regularization of the delta function and the loops yj be- 
long to the surface t = constant. This action could also be presented in 
second order form (modulo regularization difficulties). It could also be 
regularized by considering the theory on a lattice. This has been pur- 
sued in detail in reference [72] and it has been found to lead to the usual 
Kogut-Susskind formulation [74]. 


4.7 Conclusions 


The example discussed in this chapter, due to its simplicity, allows us 
to illustrate in an explicit fashion several properties that are important 
for the program of quantization of the gravitational field and cannot be 
proved for that case. 

We have shown that the language of loops is adequate to describe the 
free quantum Maxwell field. We have shown that the use of loops is 
inherently associated with regularization difficulties which can be cured 
by considering the extended loop representation. The loop representation 
is totally equivalent in this case to the traditional Fock quantization. The 
Wilson loop functional appears as naturally related to coherent states. 
The loop transform in this case is rigorously defined through the inner 
product in the connection representation. This inner product can be 
determined through the reality conditions of the theory, as we proved for 
the Bargmann case. We also showed that the loop representation can also 
be constructed for a complex coordinatization of phase space similar to 
the one that the Ashtekar variables introduce for gravity. 

In the next chapter we will discuss the quantization in terms of loops 
of non-Abelian fields. 


3 
Yang-Mills theories 


5.1 Introduction 


Since the unification of the electromagnetic and weak interactions through 
the Glashow-Salam-Weinberg model [75], Yang-Mills theories [76] have 
been widely accepted as correctly describing elementary particle physics. 
This belief was reinforced when they proved to be renormalizable [77, 
78]. Moreover, the discovery of color symmetry as the underlying gauge 
invariance associated with strong interactions raised the possibility that 
all interactions of nature could possibly be cast as Yang-Mills theories. 
This spawned interest in grand unified models and some partial successes 
were achieved in this direction. 

A crucial ingredient in the description of elementary particle physics 
through gauge theories is the maintenance of the gauge invariance of phys- 
ical results and the underlying theory and this is also crucial in order to 
be able to prove renormalizability. 

The success of the electroweak model is yet to be achieved by the quark 
model of strong interactions. The reason is that perturbative techniques, 
which were adequate for the electroweak model, are only appropriate in 
the high energy regime of strong interactions. This motivated the inter- 
est in non-perturbative techniques, especially to prove the existence of a 
confining phase. A great effort took place in the late 1970s and suggestive 
arguments were put forward but a rigorous proof of quark confinement is 
still lacking. 

In several of these attempts the use of loops played an important role. 
Loops were used in a variety of contexts and approaches including the one 
we are focusing on in this book, the loop representation. In this chapter 
we will also briefly highlight some of the aspects of other approaches which 
seem of most interest for gravitational physicists. We are forced to omit, 
for reasons of space, many other valuable constructions. 
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The first gauge invariant, path dependent formulation of a gauge theory 
was Mandelstam’s reformulation of QED [8]. Mandelstam later extended 
his formulation to the Yang-Mills case and applied it to the development 
of Feynman diagrammatic rules [9]. This was the first time the Feynman 
rules for non-Abelian gauge theories had been found through canonical 
quantization. They had been established in the S-matrix approach by 
Feynman [79] and DeWitt [80] and in the functional approach by Fadeev 
and Popov [81]. The main feature of the Mandelstam approach was to 
avoid using gauge dependent quantities, introducing instead path depen- 
dent field variables F,,(P) for the field where P is a path going from a 
basepoint to the point of interest: translating to the language introduced 
in chapter 1 


Fao(m) = lim Ago (13) HLA] (5.1) 


These quantities satisfy the identities induced by those of the loop 
derivative that we introduced in chapter 1 and the Yang-Mills equation 
of motion, DaF% (P) = 0, where D® is the Mandelstam covariant deriva- 
tive. Notice that the aim of this approach was to develop a perturbative 
formulation and in that respect it was successful. 

Another approach was that of Polyakov [83, 82]. This was based on 
the hope that holonomies for Yang-Mills theories could satisfy equations 
similar to those of non-linear ø models, which, in turn, are integrable. 
This is based on what happens in 2+ 1 dimensions. The basic variable is 
a derivative of the holonomy 

6H,|A 
Pyle.) = E HIA (5.2) 


and the formalism assumes a parametrization has been picked for the loop 
and extra equations are added to impose invariance under reparametriza- 
tions. The equations of motion are 


óF (s, 7) = óF (t, 7) 


óy” (t) y” (s) + [F (s, 1); F, (t, y)] = 0, (5.3) 
ors) Fals) = 0, (5.4) 

6F (s, 7) — 
fear (5.5) 


The first equation is the usual vanishing of a curvature that appears 
in non-linear ø models. The second equation is related with the invari- 
ance under reparametrizations of the holonomy and the last equation is 
a consequence of the Yang-Mills dynamical equation. 

This approach had several difficulties. Even in the three-dimensional 
case, the equations presented are not exactly the same as those of a tra- 
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ditional non-linear o model. In a traditional non-linear o model, the first 
equation would involve a partial derivative with respect to a coordinate. 
In the present case, this means that one is really dealing with an infi- 
nite number of components, one per each point in parameter space, as 
is expected in loop space. The third equation, which in the usual case 
is a divergence, should be summed over all components (integrated over 
s), but then, it is not true that the Yang-Mills equations follow. This 
difficulty was recognized by Polyakov [84]. Moreover the situation be- 
comes more complicated if one considers the four-dimensional case, since 
in that case it is not even clear how to reformulate the fields as ø models. 
Other technical difficulties appear, mainly related to the parametrization 
dependence [85]. In particular it was shown that when the equations 
are rewritten in a parametrization independent way (using the techniques 
discussed in chapter 1) extra terms appear, which break the resemblance 
with the ø model. 

The plan of this chapter is as follows. We will discuss in some detail in 
the next section an alternative approach, due to Polyakov and Migdal. We 
then devote a section to the loop representation of Yang-Mills theories, 
discussing the SU(2) and SU(N) cases. We end with a section on some 
ideas relating loops to confinement. 


5.2 Equations for the loop average in QCD 


The approach we are about to discuss originated in an idea of Polyakov 
[82] and was later developed by Makeenko and Migdal [12, 86]. We only 
present a sketch of the main ideas here, in part because we will use similar 
techniques in the context of Chern—Simons theory in chapter 10. We refer 
the reader to the review article by Migdal [11]. 

The basic idea is as follows. The expectation value of the Wilson loop 
functional in (Euclidean) four dimensions (i.e, the loop exists in a four- 
dimensional space) operates as a generating functional of the Green func- 
tions of the theory, as can be simply seen by considering its successive 
loop derivatives at different points, 


Bini (as) a Op, T AWT) See =< BB a (21) igs, e > l 
5.6 
Notice that to write the right-hand side as point dependent a prescription 
for the paths 7 has been chosen (as we discussed at the end of chapter 1). 
The right-hand side of expression (5.6) is the n-point function of the 
theory. This was the insight of Polyakov. Now consider the action of the 
field equations on the expectation value of the Wilson loop functional, 


D'A (7) <W(y) >= | DA exp(-Sym)D" Aw Wal) 
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= J DA exp(—Sym)Tr[D" Fi, (x)X'U4(72)] 


=- [daz -~ exp(—Sy mu) Tr[X'U 4 (72)] 


=[ oa ap Sr) E TRTE) 
= fpa exp(-Svm) $ dy"6%(x — y) 
x Tr[X'UA (XUA) (5.7) 


where Sym is the Yang-Mills action 4 f d‘zTy[F,,,F+”] and XŻ are the 
generators of the group. 

Let us now particularize the gauge group to SU(N). This allows us to 
use the identity 


X4pXcp = (6avopc — +ôaBôcD) (5.8) 
and to reexpress the above result as 


D*A w(i) <W(y) > = 


f dy"64(e — W(<WODW Oi) > -p <WO)>)-69) 
Notice that this equation couples the expectation value of the Wil- 
son loop functional with the expectation value of products of Wilson 
loops. In general one would therefore need to consider similar equations 
for < W (q1)... W (Yn) >. However, in the particular case of SU(2) or 
limy+.o SU(N) it is enough to consider only the expectation value of 
one Wilson loop functional. In the SU(2) case this is justified since one 
can reexpress any product of Wilson loop functionals in terms of a single 
Wilson loop. In the N — oo case it can be shown [12] that, 


< W(q1)... W (9n) >=< W(n) >... < W (yn) > +O(N~7), (5.10) 


due to the fact that the leading Born terms correspond to the sum of all 
planar diagrams [87]. The Makeenko—Migdal equation can be rewritten 
for this particular case as 


DHA w (72)6(7) = t dy!*64 (a — y)b(q¥) (72), (5.11) 
where 


Ply) =< Wy) >. (5.12) 


This equation is reminiscent of that of a A¢° scalar field theory. Notice 
that the equation is only non-trivial if one considers intersecting loops. 
For smooth loops the right-hand side of the equation becomes ¢(7) and the 
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solution to the equation can be found and coincides with the vacuum state 
of Maxwell theory in terms of loops that we introduced in the previous 
chapter. That is, the non-Abelian character of the theory is lost if one 
does not consider intersecting loops, a fact we will also see reflected in 
the Hamiltonian case. 

It can be shown [88] that the Makeenko—Migdal equations generate 
all planar diagrams in perturbation theory in a regularized fashion (if 
one regularizes the equation), although they are not renormalized and no 
concrete proposal has been found for an equation that could take care of 
the renormalization. 

This approach offered the promise of reformulating QCD entirely in 
terms of free color fields, which raised the hope that confinement could 
be understood. Moreover, it makes it possible to express the expectation 
values of the observables through integrals in loop space. The diagrams 
are automatically free of infrared catastrophes since one works only with 
gauge invariant quantities. Finally, Migdal [12] gave a heuristic argument 
that showed that the behavior of the Wilson loop is consistent with the 
asymptotic area law typical of confinement. 

Several obstacles hampered further development of this approach. To 
begin with, the expectation values considered are divergent and need to be 
renormalized, as can be seen from their perturbative study [88]. The equa- 
tion was initially written [12] in terms of a functional derivative, which 
led to some technical problems, though a later more geometric reformu- 
lation was accomplished [89]. Historically, for a long time the structure 
and completeness of Mandelstam identities were not understood for the 
different gauge groups. Although the conceptual simplicity introduced by 
expressing observables as integrals in loop space was appealing, it is also 
the case that one does not know how to compute such integrals. 

But the main obstacle in this approach is the fact that not a single 
solution of the Makeenko—Migdal equation has ever been found in four 
dimensions. Progress has been made in the two-dimensional case [91, 90, 
93] and also with variational techniques [92]. It would be interesting to 
test whether the ideas of the extended representation we present in this 
book can be used to tackle this problem. Another interesting aspect is 
that relations have been found between the Makeenko—Migdal equation 
in the large N limit and equations for string theory [94]. 

Most of the advantages and disadvantages of Migdal’s approach are 
shared by other loop formulations. The appeal of the loop representation, 
which is the main theme of this book, lies elsewhere. On the one hand, 
loop representations based on Hamiltonian approaches deal with three- 
dimensional loop equations in a realistic case instead of four-dimensional 
ones as in the Migdal construction. Moreover, they are better suited 
for a canonical description of quantum gravity. In particular one can 
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solve the diffeomorphism constraint rather easily, as we will see in chapter 
8. We will also see in chapter 10 that by applying exactly the same 
construction that we presented here for the Yang-Mills case to the Chern- 
Simons action, one can find the connection between the expectation value 
of a Wilson loop and the Jones polynomial of knot theory. 


5.3 The loop representation 


Constructing a loop representation for a Yang-Mills theory is a straight- 
forward matter with the concepts introduced in chapter 3. 

We will first discuss the SU (2) case as an illustration of the quantiza- 
tion of a non-canonical algebra. We then discuss the SU(N) case via a 
transform. 


5.38.1 SU(2) Yang-Mills theories 


Let us construct the quantum theory for SU (2) through the quantization 
of a non-canonical algebra of loop dependent operators. A quantization 
could be achieved (formally) using the loop transform, leading to the same 
quantum theory. 

Let us consider a gauge theory with SU (2) gauge group. The connec- 
tions are group-valued A, = Af XŻ where the Xs are elements of the su(2) 
algebra. We define the following quantities 


T(7) = TU (Y)] = Tr |P exp (ig f dy" Aa) (5.13) 


T° (yz) = Tr[U (yo )E*(2)U (72)], (5.14) 


in the same spirit as those defined in chapter 3, except that we are making 
explicit the dependence on the coupling constant g of the theory. 

Classically, these quantities satisfy an algebra under Poisson brackets, 
which we discussed in chapter 3, 


{T° (73), T D eX (n)T(y onf), (5.15) 
l 2 =, 
{T° (72), T° (n¥)} = -5 5 eX“ (n o (Yz) ° nz), 
a 
+5 5 EX” (Y)T (Y o (n2) o y5), (5-16) 
2 =, 


where n€ represents either 7 or 7~!. 
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The best picture of these relations can be obtained by considering the 
T*(yz) to be represented by a loop with a “hand” at the point x. Then 
the commutators are only non-zero when the hand on one of the loops 
grabs the other loop (which implies the loops must intersect). The ef- 
fect of “grabbing” one loop with the hand of the other is to insert the 
accompanying loop at the point of intersection. 

This algebra is closed, as seen above, but it is insufficient in the sense 
that one cannot express all observables of interest in Yang-Mills theories 
in terms of it, in particular, the Hamiltonian. Therefore one cannot base 
a quantum theory simply on finding a representation of this algebra. One 
should consider a larger algebra including the objects with n insertions 
defined by formula (3.102) that were discussed in chapter 3. The algebra 
of T° and T° has for this reason been called the “small algebra” [38]. A 
generic Poisson bracket between higher order T's is given by 


a 
U i (72, sees Pre Fe ama (n¥?, a ney} = 5 ` 


ce=— 1 


m 
|- ` cX ok Tk (n) TP? Pr:-bma1..-an (s WE Wes o(YrE) ong, eke Mae) 
k=1 


n 
DI aa aaa a are Ut Le ree 72) ; 
k=1 


(5.17) 
where % means that the index is not present. 


The Hamiltonian for a Yang-Mills theory was introduced in chapter 3, 
and is given by 


H = | ds Te(L(E É’ha + B°B nap). (5.18) 


The two terms in this expression have different properties. The B? 
term can actually be written in terms of a T°(7) as 


Tr(B*(«)B"(x))nap = —3 lim nn’ Aas (m5) Aca(me)T°(y), (5.19) 


i.e., by taking a double loop derivative and then shrinking the loop de- 
pendence to a point. The right-hand side of this formula does not depend 
on the path choice, as can be seen explicitly by considering 


Aab(m3)Aca(mg) T° (y) = Tr[U (13) Fas(y)U (my) U (15) Fan (x)U a? (y)] 
5.20) 
and taking the limit in which z — y and the limit of y shrinking to a 
point giving, 


Aal T3) Neal IT") |y= 7 rave) Feal@)|, (5.21) 
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which is independent of the path prescription. 
The term involving two electric fields cannot be written in terms of T° 
or T?, one needs a T@. Classically this can be seen from 


Tr(E*(z)E’(z))nab = lim aT" ag) (5.22) 


and in the limit y — ı the points z and y coincide. 

We now proceed to propose a quantization of the classical non-canonical 
algebra. We consider a space of wavefunctions of loops U(7) as discussed 
in section 3.5.3 and define the action of the operators as 


T (n)t (7) = Bro) +U(yon’), (5.23) 


P(g) Vy) =-4 D cf dy*6(x—y)W(yon'). (5.24) 


e=-1l 


The action of the T? is defined as [39] 


TO’ (nd, ne )U(y) = XFX (y) [U7 o 07, y © HY) 
+U 0 ny, Yy ond) + Ure o Ty oT ony) + U(yy ong o VY ont). 
(5.25) 


This last expression could be rearranged in terms of wavefunctions of a 
single loop using the Mandelstam identity (3.119). 

This representation for the T operators yields a quantum commutator 
algebra that reproduces, to first order in h, the classical Poisson algebra 
of the T operators that we introduced in chapter 3*. 

We are now in a position to give a quantum representation of the Hamil- 
tonian of the theory. We have written the Hamiltonian of the theory (5.18) 
and it is the sum of two terms, one electric and one magnetic. The electric 
portion was given as a limit of a T?, so we can now find the corresponding 
quantum representation, by taking the limit in equation (5.25) in which 
we shrink the loop ņ to a point. We will study the action of this operator 
at a point in the loop y where there is an intersection (of arbitrary order). 
The action on a regular point of y can be obtained as a limit (or by direct 
calculation). The result is 


lim T” (ngong) P(Y) = 2X (Y) X (VGE) +2 U (OW). (5.26) 


In the case of an intersection, the points x and y lie on any “petal” 
of the loop and therefore the portions y% and 7, refer to the various 
combinations of petals contained between x an y. For the case of a 


* We are taking A = 1. The orders of ft can be restored by noting that momenta are first 
order in A, for instance, T! = O(h), T? = O(h?), etc. 
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regular point of the loop, one simply takes the loop and shrinks the points 
x to y and therefore y¥ — y and yj — +. The result then is 


lim T” (n © nyna Y (Y) = 3X (YX (Ea). (6.27) 


We also see that smooth loops are eigenstates of the electric part of the 
Yang-Mills Hamiltonian. This allows us to think of Wilson loops as lines 
of electric flux. 

The complete Hamiltonian for an SU(2) Yang-Mills theory in the loop 
representation is given by 


HWY (7) = -3 J dann” Aalt) Aca(z) 
1 d a d 1b 62 = 1 Ọ 
+49 dy y Nard (y — y )| (7) 
Y Y 
+3 $ dy" $ dy"nad*(y -YYY 074). (5-28) 
Y Y 


The path dependence of the loop derivatives has been dropped since we 
showed above that they are prescription independent. Notice that if the 
loop y does not have intersections, the last term is equal to the second 
one and the equation is identical (up to constants) to the one obtained 
for Maxwell theory (4.72). Therefore it is clear that wavefunctions must 
have support on intersecting loops if the theory is to capture the full 
non-Abelian nature of the fields. 

As in the case of Maxwell theory, the Hamiltonian is singular and needs 
to be regularized and renormalized. As we pointed out in the case of 
Maxwell theory, in principle all terms in the Hamiltonian require a reg- 
ularization. In the case of Maxwell theory we knew how to compute the 
vacuum and this suggested a suitable regularization of wavefunctions and 
operators. In the non-Abelian case, unfortunately, we do not know a 
single solution of the Hamiltonian eigenvalue equation and the issue of 
regularization and renormalization is largely unexplored. The eigenvalue 
equation has been extensively studied in the lattice in different approxima- 
tions, leading to results for the energy density, gluon mass spectrum and 
other observables which coincide with those obtained with more standard 
methods. We will return to the lattice treatment in the next chapter. 


5.3.2 SU(N) Yang-Mills theories 


The loop representation for SU(N) Yang-Mills theories can be built along 
similar lines to the ones we followed in the previous section for the SU(2) 
case. We will see that the main difference consists in the fact that one 
needs to consider wavefunctions of multiloops. The classical “small” al- 
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gebra of T° and T! can be readily generalized to the SU(N) case, 


{T° (7), T°” (n)} =0, (5.29) 
(T°), T*0)} = ig $ dy*6ly — 2) 
x (TO ong og) — HT°(T%(n)), (5.30) 
{T (E), T ()} = —ig $ de%6(z — 2) 
n 
x (TPG o 48 o nd) — HT? (Y)T. (g) 
1 2°6(z — 
tig $ de*6(z =y) 
x (T (Z o nf o 77) — HT (n)T*(y5)) - (5.31) 


Up to now, representations of the large algebra have not been studied 
for SU(N) with N > 2. The approach we will take will be to consider 
the representation of the elements of the small algebra with the addition 
of a T®, which is sufficient to write the Hamiltonian. This is clearly not 
enough: the Poisson bracket of a T°? with a T°? gives rise to T%®°s. A 
quantization of the full algebra can always be performed such that this 
Poisson bracket is represented by a correct commutation relation. A direct 
constructive procedure to obtain such an algebra would be to perform a 
usual canonical quantization in terms of Es and As and to consider the 
Ts as derived quantities. The resulting quantum algebra will coincide 
with Poisson bracket algebra up to factor ordering differences. We should 
remind the reader that in the quantization process Poisson brackets are 
replaced by ż times fh and the factor ordering ambiguities are of order 
ñ? or higher. Since the T algebra for SU(N) has not been explicitly 
computed up to now, we will proceed with the constructive technique 
we just outlined. It would be interesting to check explicitly that this 
technique yields the same result as consideration of the full T algebra. 


We will choose the following ordering prescription for the T! operator 
in terms of the canonical operators, 


“aA 


7 (92) = T (HOZE ) (5.32) 


The operator algebra of T! and T° reproduces the same classical Pois- 
son algebra described above, where the brackets are replaced by h times 
the commutators. 


We now represent this algebra in terms of loop-based operators and 
wavefunctions, giving rise to the loop representation. As we mentioned in 
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section 3, we need to consider functions of multiloops, via the transform 


P(N,- -3 Yn) = J AAWA) e WA OYNA] (5.33) 


It turns out to be convenient to consider a certain combination of prod- 
ucts of Wilson loops in the transform which is slightly different than the 
one presented in equation (5.33). We will consider the following trans- 
form: 


PO- m) = | dA MẸ (m,---5 mm) VIA] (5.34) 


where the functionals My (71,..., Yn) were introduced in section 3.4.1. 
This does not imply any loss of generality since the product of N Wilson 
loops can be reconstructed from the Ms. 

We now define the action of the T? operator, which is given by, 


T°(y)U(m,..-,nv) = YF o m,.-.,m) + U(m, 7n... 1N) 
+Y (m,... YOON): (5.35) 


Notice that this expression only involves wavefunctions of N entries, 
since due to the Mandelstam identities (3.39) My+1 = 0 and consequently 
W(1,---,7N-+41) vanishes identically. The fact that we are dealing with a 
special group (determinant equal 1) implies that 


(nom, nonz... nonn) = Pm,- nN) (5.36) 


and therefore by considering 7 = 7; one immediately concludes that the 
wavefunctions are really only functions of N — 1 loops. We will continue 
using wavefunctions with N entries for convenience. 

We complete the small T algebra by representing the T! operator, 


T*(¥Z)U(m,.-..0N) = 5 dy*5* (x — y) 
k=1“ "k 


x[T (m, «5 (me)¥ o YE © (m)g -o nn) — EE) U(m,--- nN): 
(5.37) 


To represent the Hamiltonian, we first recall that the magnetic part is 
given by equation (5.20). Using the formula for T°(y), (5.35), one can 
immediately realize the action of the magnetic part of the Hamiltonian, 


JUM, bi : Tn) = 


B 
~ pan 
—4 ` / Bann Ary AY (x) (m, Son nh). (5.38) 
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where the loop derivatives AW (x) are path independent and act only on 
the ith entry of the loop. 
For the electric part, we need to study the action of the operator 


ê= [ @ctr(BE ) 
B Nab (5.39) 


on the functionals My in the connection representation. To perform this 
calculation it is useful to consider the following identity, 


N-1 
ED (m) x... x DO Gy) =>, {E° (m) x ...fE,T°(m)]... x ÈL (ny) 
i=1 
+ P(m) x... x T(nn-r)ET?(nw) } 
(5.40) 


and recalling that the commutator of the electric part of the Hamiltonian 
with T° is 


[ J PxTr(E È )na,£(7)] = - $ dy T. (74) nab 


+i f dy® $ dy nad ly = DEPONE OY) — H0164) 


êa) =} f dy” $ dyna? (y — yP) — $F). (5.42) 


one can construct explicitly the action of the Hamiltonian constraint in 
the SU(N) case. Very little is known about this operator in the continuum 
though some progress has been made in the SU (3) case in the lattice [95] 
and in the SU(N) case in 1 + 1 dimensions [96]. 

Representations in terms of multiloops also appear in the context of 
general relativity coupled to gauge fields [97]. 


5.4 Wilson loops and some ideas about confinement 


In his pioneering work, which stimulated most of the interest in the use 
of loop variables in the treatment of non-Abelian gauge theories, Wilson 
[48] introduced the idea that the trace of the holonomy could act as an 
order variable for the theory and could therefore be used to study phase 
transitions. 

The intuitive picture behind this is the following. Consider a Yang- 
Mills theory coupled to fermions (quarks) and consider the creation and 
subsequent annihilation of a quark-antiquark pair. Assuming the usual 
interaction term in the Hamiltonian of the type J: A, and neglecting 
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Fig. 5.1. Creation of quark—antiquark pairs viewed as Wilson loops. Creation 
of a free pair is suppressed if the expectation value of the Wilson loop is a 
decreasing function of the area of the loop 


vacuum polarization effects, one expects such a process to have a weight 
proportional to the holonomy of the connection A, along the closed path 
formed by the quark—antiquark creation and annihilation process. There 
are other weight factors independent of the connection and also a weight 
factor given by the free action of the field. 


In order that quarks exist as separate final-state particles it must be 
possible to consider quark—antiquark processes in which the quark and 
antiquark lines are well separated, at least when the points of creation 
and annihilation are far apart. The behavior of the expectation value of 
the Wilson loop under the separation of the quark—antiquark lines will 
therefore determine if it is possible for quarks to exist as final states. 


For instance, if the expectation value of the Wilson loop turns out to 
go as exp(—l), where l is the length of the loop (perturbative and lattice 
calculations suggest this result for non-confining theories) one sees that 
one could separate the quark and antiquark lines at will without increasing 
the length of the loop. This implies that creating well separated quark- 
antiquark pairs is as likely as creating pairs close together. Therefore the 
theory is not confining. For instance, for QED an explicit calculation can 
be performed and < W >= exp[— $, dy" $ dz” Div(y—z)| where the loop 
y is four-dimensional and D,» is the free propagator of the theory. If one 
regularizes the calculation one can see that this is proportional to exp(—l) 
with l the length of the loop (for details of the regularization see reference 
[62]). 

On the other hand, if < W >~ exp(—a), where a is the area of the 
loop, a process with the quark—antiquark lines shown in figure 5.1 far 
away from each other is suppressed with respect to one in which the lines 
are close together and therefore the theory exhibits confinement. 
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These qualitative considerations have been extensively verified in the 
lattice. It is immediate to confirm them in strong coupling expansions [48, 
74, 98], in Monte Carlo simulations [98] and in perturbative calculations. 

We therefore see that quark confinement can be thought of as the ap- 
pearance of confinement of Wilson loops. Since we have extensively ar- 
gued that Wilson loops can be thought of as lines of electric flux, this gives 
an image of quark confinement in which lines of electric flux are confined. 
This is reminiscent of what happens in superconductivity, except that in 
that case, the confinement refers to lines of magnetic flux. It seems there- 
fore that a system can have two possible confining regimes, one electric 
and the other magnetic. Each confining regime will be characterized by 
an order parameter. We argued above that the Wilson loop acted as an 
order parameter for electric confinement. What could such a parameter 
be for magnetic confinement? We will now discuss a proposal by t’ Hooft 
for such a parameter and its implications for the loop representation. 

t’Hooft [99] introduced a quantity that can be viewed as an order (ac- 
tually he refers to it as a disorder) parameter for a Yang-Mills theory. 
The idea can be illustrated by means of the following example in (2 +1) 
dimensions. 

Consider an SU(N) Yang-Mills theory in 2 + 1 dimensions coupled to 
an SU(N) Higgs field such that the gauge symmetry is spontaneously 
and completely broken. Both the Yang-Mills connection Ag and the 
Higgs field H(z) are invariant under gauge transformations generated by 
the center of the group SU(N), Z(N). A generic element of Z(N) is 
given by exp(2zin/N) with n an integer. A system like this admits a 
classical solitonic solution of the following kind. Consider a region R in 
two-dimensional space surrounded by a region B. In region B symmetry 
is spontaneously broken, the Higgs field having acquired a “constant” 
non-zero value. Being an element of the group, “constant” means that 
there exists a gauge transformation at each point that relates the value 
of the fields to a certain fixed value, Hg (zx) = Q(x)HpQ(x)~!. Consider 
a closed curve in B that surrounds R. Since B is not simply connected, 
it could happen that by going around the curve, Q becomes multivalued, 
i.e., Qe, = exp(i2a7n/N)Qo. We say that the field has a winding number 
n in such a configuration. The presence of this multivaluedness in the 
field implies that the configuration is stable. If it were not, it could be 
radiated away, the final configuration would have n = 0 and this could 
not be achieved from a state with given n in a continuous fashion. 

Let us now consider an operator that, starting from a regular field 
configuration a configuration (such that there exists everywhere a single- 
valued gauge transformation that maps the field to a constant), will create 
a configuration like the one we discussed above. To simplify, we will shrink 
the region R to a single point, at which the gauge transformation mapping 
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the field to a constant is singular. Let us call such a point zo. 
We now define an operator ġ(xọ) that materializes a singular gauge 
transformation that changes the winding number of the fields, 


$(zo)Y[A, H] = V[An(z0), Ho(20)], (5.43) 


where Q(xzo) the gauge transformation singular at x9 such that for every 
oriented curve c(@) that surrounds zo once 


Q(r0)o=2r = 2(X0)o=0 exp(277/N). (5.44) 


Let us now consider a state in the physical space of states V,;,(A, H). 
Such states are gauge invariant under regular gauge transformations. Un- 
der the singular transformations we are considering here 


$(x)b(y)VpalA, H] = $(y) G(x) Upal A, H]. (5.45) 


This statement is self-evident: the resulting gauge transformation only 
depends on the singularity structure. If one takes a curve surrounding z it 
will detect the multivaluedness induced by ¢(z) and similarly for a curve 
surrounding y. A curve that surrounds both singularities will detect the 
combined winding number. All this is independent of the order in which 
the singularities were added. 

The point of this construction was to introduce the operator ¢(z). We 
will now show that this operator plays the role we wanted: that of a 
“disorder” parameter for the theory. In order to see this, let us study the 
commutation relation of this operator with the Wilson loop. Acting on a 
physical state 


$(x)W,[A][A, H] = W,[Ao(2)|¥[Aa(z), Ho(z)] (5.46) 


and noting that W,[Ao(xz)| = exp(27in(7)/N)W.,[A], where n(y) is the 
number of times y winds around zo, and U[Aq(zxr), Ho(z)| = o(x) V[A, H] 
we get 


¢(x)W, [A] = exp(2rin(y)/N)W,[A]¢(z). (5.47) 


Let us now consider a basis |¢ > in which the operator (x) is diagonal. 
In such a basis, the operator W.|A] introduces a jump of magnitude 
exp(27in(y)/N) in the operator ¢(x) if the point x is within y. This 
implies that the Wilson loop acts as a creation operator for a domain 
inside of which the operator ¢(z) has a different value. Using the natural 
association of Wilson loops with lines of electric field one can view the 
domain in which ¢(x) jumps in value as delimited by a closed line of 
electric field. 

This argument can be extended to the case of a theory coupled to 
fermions (quarks) and in this case one should consider an operator built 
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with a holonomy along an open path with quarks at the ends. By reason- 
ing analogous to that above one can view this open path as a confined line 
of electric field joining the quark—antiquark pair. Trying to separate the 
pair requires that the line of confined electric flux be stretched and since 
the flux is constant, the energy needed to separate the pair is proportional 
to the distance between the particles. This is a signal of confinement in 
the theory. 

Let us now outline how to generalize the above reasoning to 3 + 1 di- 
mensions. In this case the point ro at which the gauge transformation was 
singular becomes a closed line 7. Any gauge transformation along a curve 
y that is linked with 7 will be multivalued. The order of multivaluedness 
is related to the linking number of both curves. 

The commutation relation in three dimensions between the Wilson loop 
and the generalization of (xo) to three dimensions (which is usually 
referred to as the t’Hooft operator B(7) is 


271 
W,,By = ByW., exp (Fenty ”)) (5.48) 


where GL(y,7) is the Gauss linking number of the two curves. The Bs 
commute among themselves. 

The physical results that arise from this picture are that either W 
or B can exhibit behavior dependent on the area or the length of the 
loop. According to the possible combinations, four different phases can 
be identified for the theory. A physical discussion of the four phases in 
the context of QCD can be found in reference [99], where it is argued that 
the only relevant phases in the case of pure gauge theories (no fermions) 
are either electric or magnetic confinement. 

The phase in which electric field lines are confined is called the confin- 
ing phase. From an energetic point of view, this phase is characterized 
by a degeneracy of the vacuum. This is due to the fact that the Hamilto- 
nian commutes with the operator B and therefore it does not cost extra 
energy to add magnetic field lines. Electric field lines carry an energy 
proportional to their length. 

The explicit form of the B operator in the connection representation 
is complicated. t’Hooft [99] was able to find an explicit form for this 
operator in the lattice and Mandelstam [100] discussed its form in the 
continuum case. It is remarkable that in the loop representation these 
operators can be realized in a rather straightforward manner [13]. 

Recalling the action of the Wilson loop on a state of an SU(N) Yang- 
Mills theory in the loop representation, 


T°(y)U(m,. .. ny) = W(yom,... Nn) T (m, 7 on.. ; NN) 
+U(m,. .. yo ny), (5.49) 
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we can define the operator B (y), 


. N 
B(y)Y(m,... nN) = exp (7 S GL(y, m)) W(m,---,7N), (5.50) 


where 


1 (x — y) 
L = — f dx" f dj e = 


is the Gauss linking number of y and ng. This topological invariant mea- 
sures how many times the loop nę “threads through” the loop y (for more 
details see chapter 10). 

It is straightforward to study the commutation relations of this operator 
with the Yang-Mills Hamiltonian. Because the Gauss linking number is 
a topological invariant, it commutes with the portion of the Hamiltonian 
with two loop derivatives, since adding an infinitesimal loop does not 
change the value of the topological invariant. This point really requires 
a regularization since the Hamiltonian adds an infinitesimal loop at all 
points in the manifold and could introduce divergences. The electric part 
of the Hamiltonian also commutes with the Ê operator. This can be 
seen by recalling that the effect of the electric part of the Hamiltonian 
on a wavefunction of N loops is to produce a wavefunction with N + 1 
loops produced by fissions of loops at their self-intersections, as shown 
in equations (5.28),(5.42). Computing the linking number before or after 
the fission gives the same result and the operators commute. The reader 
may be interested in what happens if one characterizes the action of the 
Hamiltonian purely in terms of N loops using the Mandelstam identity, as 
we did in the SU (2) case, equation (5.28). In this case some portions of the 
loop are rerouted and some of the linking numbers — which depend on the 
orientation — may change sign. However, the result remains unchanged, 
because the operator B takes values on Z(N) and this makes the operator 
compatible with the Mandelstam identities. 

So we see that the operator B commutes with the Hamiltonian. We 
will now study the commutation relation of the Wilson loop with the 
Hamiltonian. In the loop representation the Wilson loop becomes the 
T°(y) operator and let us assume that we are considering loops y that 
are smooth. Consider the commutator of the T°(y) operator with the 
electric part of the Hamiltonian, equation (5.42). Its action on a state in 
the loop representation can be computed using (5.35),(5.37). From (5.42) 
one can see that there are two terms. The first one is proportional to the 
length of the loop (double integral along y) and the second one, taking 
into account (5.37), involves an integral along y and another integral 
along the loop that appears in the argument of the wavefunction. If one 
considers long loops, the first term (proportional to the length) dominates 


(5.51) 
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the other term, which involves intersections of y with the argument of the 
wavefunction. The commutator of T°(y) with the magnetic part of the 
Hamiltonian vanishes, which can immediately be seen from (5.38) since 
the loop derivatives act specifically on the arguments of the wavefunction 
and the loop dependence of the T° is transparent. 

We therefore see that it is simple to prove that the loop representation 
naturally describes the confining phase of Yang-Mills theory. There is 
a natural representation of the disorder operator B and adding an elec- 
tric field line has an energetic cost proportional to the length of the line 
being added, which is one of the signs of confinement. It should be re- 
marked that these arguments show that there exists a confining phase in 
which it is energetically expensive to create Wilson loops. However, one 
could conceive different phases, where the distribution of loops is dense in 
space and then the dominating term in the expressions considered above, 
instead of being that of the length of the loop could be the one involv- 
ing intersections. However, the fact that B always commutes with the 
Hamiltonian suggests that Yang-Mills is always in a confining phase. 


5.5 Conclusions 


We have considered various loop-based approaches to Yang-Mills theo- 
ries. We have emphasized the use of Hamiltonian techniques and the loop 
representation, which we constructed explicitly for SU(2) and SU(N) 
Yang-Mills theories. As the reader may have perceived, the treatment of 
Yang-Mills theories in the language of loops in the continuum has only 
a formal character and little progress has actually been made towards 
understanding the non-perturbative physics of QCD. Only qualitative ar- 
guments, like the ones we introduced in the previous section, shed some 
light on the various physical processes of non-Abelian gauge theories. On 
the other hand, the gauge invariant description of Yang-Mills theories 
based on holonomies has found application in attempts to set the theory 
in a more mathematically rigorous basis. For instance, it may be possi- 
ble to define an infinite-dimensional measure rigorously in the space of 
connections modulo gauge transformations in terms of the loop algebra 
[40]. Progress in this respect has also been made in lower dimensions 
(96, 102, 103]. In this chapter we have concentrated on pure Yang-Mills 
theories. Coupling to fermions and Higgs fields can be introduced in the 
loop representation but again most results are only formal. In the next 
chapter we will return to the issue of matter couplings in Yang-Mills 
theories. 


6 


Lattice techniques 


6.1 Introduction 


As we mentioned in the previous chapter, the definition of Yang-Mills 
theories in the continuum in terms of loops requires a regularization and 
the resulting eigenvalue equations are, in the non-Abelian case, quite in- 
volved. Lattice techniques appear to be a natural way to deal with both 
these difficulties. First of all since on a lattice there is a minimum length 
(the lattice spacing), the theory is naturally regularized. An important 
point is that this is a gauge invariant regularization technique. Secondly, 
formulating a theory on a lattice reduces an infinite-dimensional problem 
to a finite-dimensional one. It is set naturally to be analyzed using a 
computer. 

Apart from these technical advantages, the reader may find interest in 
this chapter from another viewpoint. In terms of lattices one can show 
explicitly in simple models many of the physical behaviors of Wilson loops 
that we could only introduce heuristically in previous chapters. 

Lattice gauge theories were first explored in 1971 by Wegner [104]. He 
considered a usual Ising model with up and down spins but with a local 
symmetry. He associated a spin to each link in the lattice and considered 
an action that was invariant under a spin-flip of all the spins associated 
with links emanating from a vertex. He noted that this model could 
undergo phase transitions, but contrary to what happens with usual Ising 
models, his model did not magnetize. The absence of the magnetization 
posed him with the problem of distinguishing the phases of the theory. 
That lead him to introduce correlation functions associated with loops 
(“loop correlation functions” ) and to find laws of area and perimeter very 
much in the same spirit as the ones introduced in the previous chapter. 

In a similar fashion, usual gauge theories can be introduced in the lat- 
tice, associating to each link an element of the corresponding gauge group. 


131 


132 6 Lattice techniques 


Many lattice formulations of a certain theory may be written down. This 
is totally analogous to trying to discretize a differential equation in the 
sense that many discretized versions of a single equation in the continuum 
may exist. 

The first application of lattice techniques to Yang-Mills theories is due 
to Wilson [48], who showed how to quantize a gauge theory on a lattice 
using path integral techniques. Making a Wick rotation to a Euclidean 
spacetime, he showed that the computation of the Green functions of 
the field theory essentially coincides with the computation of the cor- 
relation functions of a Euclidean four-dimensional statistical mechanics 
system. Wilson also noticed that the lattice theory admits a strong cou- 
pling regime in which there are no free quarks, i.e., confinement appears 
explicitly. The strong coupling expansion is not completely satisfactory 
since it does not preserve Lorentz invariance. Kogut and Susskind [49] 
were the first to introduce a Hamiltonian formulation for lattice gauge 
theories. In this case space is discretized but time is retained as a con- 
tinuous variable. They studied the SU(2) theory, which then becomes a 
quantum mechanical problem, and they studied the strong coupling ex- 
pansion, which becomes the usual time independent perturbation theory. 

Exploiting the connection pointed out above between gauge theories 
and four-dimensional statistical mechanical problems has allowed the in- 
troduction of Monte Carlo techniques for the covariant description of lat- 
tice field theories. These computational techniques were developed in the 
1950s and a widely used practical implementation is due to Metropolis 
et al. [105]. In the context of lattice gauge theories these techniques 
were first applied by Wilson [106] and further developed by Creutz [107]. 
The application of these methods has allowed a concrete prediction of 
the mass spectra of the physical excitations of the theory and has been 
implemented on supercomputers yielding values of elementary excitations 
within 10% error of experimental measurements. 

The main limitation of lattice approaches is that the number of degrees 
of freedom increases very rapidly with lattice size. The situation is worse 
in higher dimensions and when the theory is coupled to fermions. Progress 
in lattice approaches to gauge theories is therefore more dependent on the 
development of new analytical techniques and the identification of the rel- 
evant degrees of freedom than on the development of faster computers. 
We have argued in previous sections that loops are natural objects for 
describing gauge theories in a gauge invariant fashion. This raises hopes 
that the loop representation could be a useful tool for addressing some 
of the difficulties that arise in lattice formulations. The lattice context is 
very useful for putting in a concrete and rigorous setting many of the for- 
mal results discussed in the previous chapters and for gaining an intuitive 
feel for the loop representation. Loop representations on the lattice have 
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been developed for the Z(2) model [108] and more recently some progress 
has been made for non-Abelian gauge theories. Concrete calculations in 
2 + 1 dimensions have been performed for SU(2) [109, 110] and SU(3) 
[95]. 

One is usually interested in the continuum limit of a lattice gauge the- 
ory. This involves shrinking the separation between lattice points to zero 
and increasing the number of lattice points to infinity in such a way that 
distances are conserved. The theory on the lattice involves interactions 
between the variables in different lattice sites. These interactions give 
rise to correlations. If the correlations are short range with respect to 
sites, when taking the continuum limit the correlations vanish for non- 
vanishing lengths. Therefore, in order to have a non-trivial continuum 
limit, a lattice model needs to allow a regime (at least for some value 
of the coupling constants) such that the system becomes scale-free and 
long range correlations appear. These regimes correspond to second class 
phase transitions in the statistical mechanics sense, and it is in this regime 
that the continuum limit is usually taken. 

The organization of this chapter is as follows. In the following section 
we discuss as a toy model the Z(2) model on the lattice. We analyze it 
in the covariant and Hamiltonian versions in terms of the usual variables 
and then study the loop representation. In the following section we repeat 
the analysis for SU (2) and in the last section we discuss the inclusion of 
fermions in an open-path representation. 


6.2 Lattice gauge theories: the Z(2) example 


Wegner [104] introduced the Ising lattice gauge theories in 1971. He was 
interested in building a model similar to the Ising model but which did 
not exhibit spontaneous magnetization and which had a non-trivial phase 
structure. He wanted to study how to characterize the phases of a model 
without local order parameters. 

The treatment of this section will follow closely the presentation due 
to Kogut [74], to which we refer the reader for further details. 


6.2.1 Covariant lattice theory 


Consider a cubic lattice in a three-dimensional Euclidean spacetime. We 
label the lattice sites by a triplet of integers n and the unit vectors on the 
lattice which we characterize by unit vectors along the lattice directions. 
The lattice is oriented and the unit vectors will have a + or — sign in front 
according to their orientations. Notice that each link corresponds to two 
possible arrangements of (n, u), since (n, y) = (n + u, —u). At each link 
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Fig. 6.1. The local gauge transformations of the Wegner Z(2) model. 


we associate an Ising spin o = +1 and therefore each configuration of the 
system is associated with an assignment of a spin orientation to each link 
of the lattice. 

Consider now a transformation (which we will call “a local gauge trans- 
formation”) such that it flips all the spins connected with one site in the 
lattice. An example is shown in figure 6.1. 

We now consider the following action for the model 


S(o) =—-B D> oln, u)o(n + p, v)jo(n + u +v, —u)o(n +p, —v), (6.1) 
N, u, V 
given by the sum of the products of all spins around each elementary 
plaquette of the lattice. 8 is the coupling constant of the model. This 
action is invariant under the gauge transformations introduced above. 
This can be readily checked noticing that a gauge transformation at n 
simultaneously changes the sign of o (n, u) and o(n + u, —v). Notice that 
any product of spins around any loop on the lattice will be invariant. We 
readily see how for this simple model the ideas of loop and holonomy play 
an important role. 

If one attempts to define an order parameter for this model in the same 
spirit as the one defined for the Ising model — the magnetization — one 
finds that the statistical mean value of such an order parameter identically 
vanishes. This is a particular case of the result due to Elitzur [111] that 
states that taking the statistical mean value of a local gauge dependent 
quantity averages it over the gauge orbits. For a compact Lie group (or 
a discrete group like Z(2)) this means that the mean value vanishes. 

Wegner proposed the idea of considering as an order parameter for the 
model the gauge invariant quantity 


w, = TT o0, (6.2) 
ley 


which represents the product of all the spins situated at the links l that 
compose the closed loop y on the lattice. This idea appears natural 
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in view of what we discussed in the previous chapter, but it should be 
remembered that historically it appeared before Wilson’s proposal. It was 
the first time that a “Wilson loop” was proposed as an order parameter 
for a gauge theory. 

The statistical mean value of the operator W, is given by 


< Wy >= ZEM exp(—S(o)), (6.3) 


where Z = 5),, exp(—S(c)) is the partition function. The summations 
on g; above mean summing over all possible spin configurations on the 
lattice (i.e., assignments of spin values to the links). Notice that in this 
context one can reinterpret @ as the inverse temperature in a statistical 
model. Wegner proved that at small values of 8 (high temperatures), 
< W, >~ exp(—area(y)). At low temperatures — large values of the 
coupling constant — it decreases as ~ exp(—length(y)) and therefore the 
expectation value of this operator allows us to distinguish the high and 
low temperature phases. 

Let us discuss the proof of the area behavior via a high temperature 
expansion. We start by considering the identity 


exp(—S(a)) = exp(Goaaoc) 
= cosh( 8) + o o aocsinh(G) (6.4) 
= (1+o0000 tanh(8))cosh(8), (6.5) 


valid for ø € Z(2). Therefore 


Yo, nll +o oo o tanh(8)) Ihe o(!) 
Do Io(l +o o o tanh(8)) i 


where symbolically the product of four sigmas represents a product along 
a plaquette like the one considered in equation (6.3). The product over 
O means over all plaquettes in the lattice. 

In order to evaluate the above expression one should recall that, 


yasi 67S? (6.7) 
Ol Ol 


Therefore the only contributions that survive in the numerator are those 
in which each link is traversed at least twice, in particular the links of 
the loop y. This means that the interior of the loop has to be filled by 
the plaquettes in the product. This ensures that each link in the loop 
and all links in the internal plaquettes are traversed twice. Notice that 
in three dimensions this could be accomplished by many configurations 
of plaquettes, not just planar ones. Similarly in a compact lattice the 
same effect could be achieved in the exterior of the loop. We will see 
immediately that all those possibilities are suppressed and the minimal 


<W, >= (6.6) 
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area surrounded by the loop gives the dominant term. In order to see 
this, recall that tanh(@) < 1 and therefore the leading contribution to 
the numerator will be of order (tanh 8)" where N is the minimal number 
of plaquettes that fill the loop y and, therefore, to leading order 


< W, >= (tanh(@))” +--- = exp(N In(tanh(@))) + ---. (6.8) 


Since the minimal area inside the loop is given by N times the area of 
the elementary plaquette we get the area law 


< Wy >= exp(—/f(@)area), (6.9) 


where the leading term in the expansion of f (8) is — In(tanh({)). 

A similar perturbative expansion for the behavior at low temperature 
gives a dependence proportional to the length of the loop. We refer the 
reader to reference [74] for details. 


6.2.2 The transfer matriz method 


A lattice Hamiltonian version of a quantum gauge theory can be intro- 
duced in two different ways. One would be simply to consider the theory 
in a Hamiltonian fashion in the continuum and to propose a discretization 
on a lattice. There is another method, which is commonly used, in which 
one discretizes the covariant theory on a Euclidean spacetime lattice and 
then takes the continuum limit in the time direction to end with a Hamil- 
tonian formulation. This procedure is called the transfer matrix formalism 
and was introduced by Schulz et al. [113]. Why would one proceed in this 
way? It turns out that for several theories it is more immediate to write 
a discretized version of the covariant theory and it exhibits in a clearer 
fashion the symmetries of the theory. For statistical models that do not 
come from a discretization of a continuum theory (like the example we 
are considering), the transfer matrix method is the only way to construct 
a Hamiltonian theory from the covariant one. The Hamiltonian version 
of a statistical theory can only agree with the covariant version at critical 
points since it is a partial continuum limit (in the time direction) of the 
latter. 

To illustrate the transfer matrix method, let us consider it for a simple 
mechanical system, a particle in a potential. We follow the treatment due 
to Creutz [112]. The transfer matrix method is based on the close analogy 
between the Euclidean path integral formulation of quantum mechanics 
and statistical mechanics. The idea is the following. One starts with a 
theory, the covariant lattice version of it giving a statistical mechanical 
system with a discretized time. One then writes the partition function 
in terms of a product of elements of a certain matrix. This matrix is 
then reinterpreted, in the limit in which the discrete time intervals go to 
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zero, aS the matrix elements of the evolution operator of a Hamiltonian 
quantum theory. The vacuum energy of this theory may be identified 
with the free energy of the statistical mechanical system. The propagator 
can be identified with the correlation functions and the mass gap with 
the inverse of the correlation length. 

We will now prove for the simplified case of a particle in a potential 
the relation between the partition function and the energy of a quantum 
Hamiltonian. Let us consider the Lagrangian of a particle in a potential 


V(x) 

L = mi? +V (2), (6.10) 
where the + sign is due to the Euclidianization. Then the path integral 
is given by 


Z = f Dz(t) exp(—S), (6.11) 


where the integral is over all possible trajectories x(t) from an initial 
configuration at tọ to a configuration at ty. We will perform this integral 
in a lattice in which space is continuous but time is discrete, divided into 
intervals spaced by a = (ty —to)/N. The discretized version of the action 
is 


a 


S=a%. L (E) tve) (6.12) 

| i)|. 
The functional integral is now precisely defined as a multiple integral, 

N-1 
Fz J [| dzi exp(—S). (6.13) 
1 
Notice that if one considers periodic boundary conditions in time and 
sums for all z(to) = x(tw), Z becomes the partition function of a statis- 
tical mechanic system. 

We will now see that evaluating this partition function is equivalent to 


solving a quantum mechanical Hamiltonian system. To see this, let us 
write the partition function 


N 
Fx J [| dri T (2is1, 21), (6.14) 
1=1 
where T(z, 2’) are the elements of the transfer matrix, given by, 
E E (-F - 2’)? — S(V(a!) + V(2))) | (6.15) 


Consider now a Hilbert space U(x) with the usual inner product, in 
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which we define the position and translation operators, 


EV(x) = cV(z), (6.16) 
exp(2bp) U(x) = U(x +b). (6.17) 


We wish to identify the elements of the transfer matrix as the matrix 
element of an operator in the position representation, © 


T(z,2') =< 2|T\x' >. (6.18) 


It can be seen that the operator, 


T= fa exp (- re) exp -72 — 9) exp (- a (6.19) 
= \/2na/mexp (- a exp (- exp (- 2) (6.20) 


gives the desired result. In the limit in which the lattice spacing is small, 
one can rewrite the operator as 


f= y exp(—alf + O(a?) (6.21) 


and one recognizes the usual Hamiltonian operator, 


H = a +V (ĉ). (6.22) 
2m 
In terms of the T operator, the partition function can be written as 
Z = Tr(T’) = Tr(exp(—H (ty — to))). (6.23) 


It is immediate to establish the relation between the partition func- 
tion and the vacuum energy of the associated Hamiltonian formulation. 
Suppose we are in a basis that diagonalizes H with eigenvalues Æj. Then, 


Z =) exp(—Ej(tw — to)), (6.24) 
j 


and in the limit in which the time interval is large, the dominant term is 
given by exp(—Eot). 


6.2.3 Hamiltonian lattice theory 


Let us now apply the transfer matrix method to the Z(2) theory. For 
this purpose we consider an asymmetric lattice with time spacing 7 and 
spatial spacing a. Let 8, be the coupling constant of the plaquettes that 
contain time-like links 0; and Ø the constant associated with the purely 
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spatial plaquettes Os. The action can be split into two types of terms 


S=-8,) cocc-BY coos. (6.25) 
Of | Os 


We now fix the gauge in such a way that the spins associated with all 
the temporal links take the value +1 (this is called the “temporal gauge” 
and is analogous to Ag = 0 in a gauge theory). The contribution of the 
plaquettes that include time-like links can then be rewritten as 


br > a(n, p)o(n +7, p), (6.26) 


Ty 


where the sum is over all the spatial links, i.e., is a space-like unit 
vector of the lattice. This can be immediately rewritten — apart from an 
irrelevant additive constant — as 


S = 38, (oln +r u) -oln u)? - BY ooo. (6.27) 


NU 


If we now denote by o* the spatial spins associated with the spatial 
surface t = t;, the partition function can be rewritten 


L= > | | exp ($ X (o*t! (1) —o'(l))? + pS o00e 


spatialspin 2 ls 
configurations 


(6.28) 
We can write the partition function as 


where k; is a spatial configuration of spins and T is the transfer matrix. 
If the lattice has Q spatial links at t = t; there will be 2 different config- 
urations and therefore the transfer matrix will be of dimension 2? x 22. 
Following the procedure outlined in the previous subsection, we can intro- 
duce a Hilbert space of functions that depend on the spin configurations 
on a given spatial surface U(k;) = U(c',...,0%). The inner product is 
given by < ~|¢ >= X} Y*(k)o(k). The product of two given configura- 
tions is < k|k’ >= 65, 6 “650,01: 

Let us now write the diagonal matrix elements of the transfer matrix 
among the configurations at time t; and the configurations at time ¢;4 . 
We denote the diagonal elements as “zero flip”, meaning that all the spins 
are unchanged, 


T (0 flips) = T(k;, kj), = exp @» sooo) : (6.30) 
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where we see that all the terms of the first summation of the action (6.29) 
vanish since the configurations are the same. 

Let us consider the contribution when the configuration at t; differs by 
one spin from that at ti+1, which we denote as “one flip”, 


T(1 flip) = exp (-287 + DD ooo “| (6.31) 


We see that only one term contributes to the first summation in the 
action, the one corresponding to the lattice site where the spin has been 
flipped. In general, 


T(n flips) = exp (—2n + B >D ooo “| (6.32) 
Os 


We would now like to adjust the parameters 6 and 7 such that in the 
limit t;+1—t; — 0, the transfer matrix becomes exp(7H) ~ 1—rH with H 
the Hamiltonian. This immediately leads us to the following conclusions 
(in the limit), 


BNT, (6.33) 
exp(—27) ~ 7, (6.34) 
which leads us to identify G = \ exp(—27), where A is a constant. There- 


fore from the expression of the elements of the transition matrix we can 
infer the elements of the quantum Hamiltonian, 


H (0 flips) = H(k;,k;) = (Looe) (6.35) 
whereas ) 
H(1 flips) = 1 + O(t?). (6.36) 


Let us give a representation for the action of the Hamiltonian opera- 
tor. We represent an upward pointing spin by the two-dimensional vector 
(1,0) and the downward pointing spin by (0,1). The operator that pro- 


duces a spin-flip is the Pauli matrix o1 = ( : : ), whereas the diagonal 


operator in this basis is øg = diag(1, —1). Therefore the Hamiltonian can 
be written as 


H =—) 001-9 _ 03030303. (6.37) 
ls 


Os 


The operator that materializes the gauge transformations in this model 
can be written as 


Q(n) = [[ «1, (6.38) 
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where ln are the spatial links that emanate from the lattice site n. It can 
be readily checked that this operator commutes with the Hamiltonian. 

We see that via the transfer matrix method we have obtained from a 
(d + 1)-dimensional covariant theory a quantum Hamiltonian theory in d 
dimensions. We will now show that one can build a loop representation 
for such a theory. 


6.2.4 Loop representation 


In the same spirit as we discussed in the section of Yang—Mills theory, we 
introduce a set of operators that are gauge invariant and that are based 
on loops, 


= 09, (6.39) 


ley 


where y is a loop on the lattice. We only need to consider loops without 
repeated links, since (o3)? = diag(1,1), and therefore the repeated links 
do not contribute to the product. Also note that T? (y) = T°(y~'). These 
identities reflect the fact that the group in question is Z(2) and could be 
viewed as “Mandelstam identities” for this simple case. 

The second invariant operator is 


Ti (D) = 04, (6.40) 


where we see that the operator T! depends on a particular link. Notice 
the similarity with the construction for Maxwell theory, where we could 
have taken as operators the Wilson loop and the electric field. There 
we decided to multiply the electric field by the holonomy to keep the 
similarity with the non-Abelian case. Here we decide to make the variable 
T! loop independent. The commutator of the two operators is 


[T (1), T°(y)] = 2T (T° (7) Do êv- (6.41) 
ley 
Defining X; (7) as X} ve, Ov (a lattice analogue of the first rank multitensor 
X (+) in the continuum) we get the T algebra 


[T°(y), T° (n)] =0, (6.42) 
[T (1), T* (2)] =0, (6.43) 
[T* (1), T°(n)] = 2Xi(y)T? (IT? (7). (6.44) 


Notice that one could define in analogy with Maxwell theory an “electric 
field operator” E(1), 


E(l) =1—4T'(I). (6.45) 


As in the case of Maxwell theory, where we defined a special group of 
loops to reflect the symmetries of the theory, one can define an Abelian 
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group of loops that reflects the symmetries of Z(2). In order to do this, 
one starts from the Abelian group of loops defined in section 4.1 and 
identifies the squares of loops with the identity. The elements of this 
group therefore satisfy 


V1 0V2 5V NN, (6.46) 
yory== 1, (6.47) 
y=. (1) =. (6.48) 


We now give a representation of the T algebra in terms of a space of 
wavefunctions dependent on loops ¥(y) 


T"(n)¥(y) = V(yon), (6.49) 
T* (1) U(y) = (1 — 2X1(7)) Y (7). (6.50) 

The electric field has the usual action for an Abelian theory, 
EY (7) = Xi(7)¥ (7). (6.51) 


The Hamiltonian in this representation can be written in terms of the 
elementary operators, 


HY(y) = -A $ T° (0s) — DOT" (I), (6.52) 
ls 


and is called the Wegner Hamiltonian. To make contact with usual gauge 
theories it is common to define a Hamiltonian which differs from Wegner’s 
by a constant, H = A-1 (Hwegner + A) where A is the product of the 
number of sites in the lattice and the dimension of the space. The modified 
Hamiltonian then reads 


HW(y) =u E(l) -Y oooco, (6.53) 
l Os 
where u = —2/X and we see the appearance of an “electric” and a “mag- 
netic” piece. This is clarified by studying the action on a state, 
HW(y) = -X ¥(G, 0 y) + wl(y)(y), (6.54) 
Os 


where L(y) is the length of the loop. Usually one would expect a length 
squared in the term arising from the electric part. However, for the Z(2) 
case loops are only traversed once. 

This Hamiltonian can be put on a computer and used to study the 
vacuum energy, observables and mass spectra of the theory [114] and 
the results can be compared with those obtained with other methods. 
There is a great wealth of knowledge about this model because — in 
three dimensions — it is the dual of the Ising model. Duality in this 
context means that one can associate to the lattice a dual lattice in which 
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to each cube one associates a lattice site and to each plaquette a link and 
rewrite the action of the Wegner model as the action of an Ising model 
on the dual lattice [74]. This allows us to import all the knowledge about 
the Ising model to the Wegner model. 

Let us now sketch one of the approximation techniques that appear nat- 
urally in the loop representation on the lattice. It is called the collective 
variables technique. g 

Given the known behavior at long lengths of the Wilson loop, the length 
and area of a loop appear as natural variables with which to study the the- 
ory. The length and area of loops are two examples of possible collective 
variables that characterize loops in the asymptotic region of large loop 
lengths. One could refine this picture by introducing other variables that 
give additional information about the loop, such as information about 
corners |114]. 

Let us therefore propose a description of the model in which we consider 
wavefunctions that are a function of the length of the loop, the area of 
the loop and a variable c that codes the information about the number 
and kinds of corners of the loop ¥(l, A, c). 

The Hamiltonian in terms of these variables can be constructed from 
the action of the Hamiltonian in the loop representation (6.52). The 
action of the electric part is trivial, it just multiplies the wavefunction 
and the value of the length. The magnetic part adds a plaquette. The 
effect of this will depend on where the Hamiltonian is acting. If the 
plaquette is completely exterior to the loop, the area is increased by one 
unit, the length is increased by four units and four corners are added. 
If the plaquette is completely inside the loop, the area decreases by one 
unit, and the length and number of corners increase by four units. In 
the case where the plaquette shares a link with the loop and there are 
no corners adjacent the length increases by two units, the area by (plus 
or minus) one and the number of corners by four units. All actions are 
weighted by a factor that states how many plaquettes with the action of 
interest are possible. The action of the Hamiltonian is therefore coded in 
a finite difference equation involving the three variables of the problem 
and the total number of plaquettes in the lattice. 

One can search for solutions of the finite difference equation minimiz- 
ing the energy per plaquette. Since one is aware of possible exponential 
behaviors with length and area — as we argued in the previous chapter — 
one can propose a solution Ẹ(l, A,c) = Y4X'Z* with X,Y, Z constants. 
The typical behaviors of the energy and the Y constant as a function of 
the coupling constant u is shown in figure 6.2. Notice that between u = 0 
and a certain critical value (weak coupling regime) the constant Y = 1 
and therefore the wavefunction does not depend on the area. For p > po 
the variable Y < 1 and therefore the wavefunction decreases exponen- 
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Fig. 6.2. Dependence of the energy per plaquette and the variable Y as a 
function of the coupling constant p in the Wegner model. 


tially with the area. For the energy we show two curves, the one in the 
weak coupling regime was obtained as discussed in the text, the one in 
the strong coupling regime was obtained by a Mellin transform method 
(108, 114]. Notice that there is a discontinuity suggesting a second order 
phase transition for the value u = 0.68 which agrees to within 2% of the 
value observed with other methods. 

So we see that the use of the loop representation allows a very natural 
and intuitive action for the Hamiltonian constraint. Collective variables 
representing qualitative properties of the loop allow an understanding of 
the phase structure and the observables of the theory with small comput- 
ing power. Unlike statistical methods, such as Monte Carlo simulations, 
they produce analytic results. The results can be plotted with a computer 
as we chose to do, but they are available in analytic form. 

These initial results should act as an encouragement for further work 
on the use of collective variables on the lattice and the development of 
other approximation methods in the loop representation. 


6.3 The SU(2) theory 


We will now discuss a more realistic lattice gauge theory, related to a 
continuum theory. Many of the techniques developed here are also appli- 
cable to other cases of direct physical interest, such as QED and QCD. 
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Let us start by setting up a lattice version of the connection representa- 
tion. We assign to each link in the lattice an element of the SU(2) gauge 
group U(l). This element is the parallel transport operator along the 
link. Notice the parallel with Wegner’s model. Each link variable U(1) is 
not gauge invariant, the gauge transformations act at each site. We will 
be able to construct gauge invariant quantities by taking the product of 
link variables along closed contours. Notice that the variables U(l) are 
just the natural counterparts of the holonomies along open paths that we 
discussed in chapter 1. A point to notice is that in the continuum descrip- 
tions of gauge theories one usually takes variables defined on the algebra 
of the gauge group whereas the fundamental variables on the lattice take 
values in the group. 


6.3.1 Hamiltonian lattice formulation 


A field configuration is determined by an assignment of SU(2) matrices 
to each link on the lattice. The assignment depends on an orientation 
of the lattice: if the link l has associated with it the matrix U(l), the 
reversed link has U(l)~!. We denote by A(l) the element of the algebra 
associated with U(l) = exp(iagA(l)) where a is the lattice spacing and g 
is the coupling constant of the theory. We want to introduce a variable 
canonically conjugate to U that in the limit of zero lattice spacing plays 
the role of the electric field and that in general has the same transforma- 
tion properties under gauge transformations that the electric field has in 
the continuum case. We introduce the variable E(l) which takes values 
in the SU(2) algebra and which has Poisson brackets, 


{U4 (1), Ue(U')} =0, (6.55) 
{E, (1), UR (U’)} = —i6 v (X;)GUB(), (6.56) 
{E; (1), E,(I’)} = V2ejkmEm(l)ôi l (6.57) 


where as usual the indices 7 refer to components in a basis of generators 
of the algebra, (X;)%, land I’ are in the positive orientation and dy =1 
if 1 = l’ and zero otherwise. 

The continuum limit of these variables (when the lattice spacing a goes 
to zero) is defined as 


lim A(l) = lim A(n, 4) = A(n), (6.58) 
a— a— 

lim U(l) = lim(1 + iaA(l)) = 1, (6.59) 
a—0 a—0 

D=} , _ lim aad 

lim E;(/) = lim E;(n, p) = lim a°E;(n), (6.60) 


where A(n, up) is the value of the field at the lattice position n where the 
link | starts and in the direction of the vector py, along the link l (the us 


146 6 Lattice techniques 


were a triad of vectors along the lattice directions and b is a triad index). 
With this definition we can check that the Poisson brackets correspond 
to the usual canonical brackets of Yang-Mills theory, 


eee ae , 
lim -3 E;(n, Ho), Ul(n'’, Le) } mae lim z3 ôn n'be X”, (6.61) 

and in the limit, 
{E} (x), Ac(a’)} = —6(a — x')ôb XÅ, (6.62) 


where x and z’ are the coordinate positions of the lattice sites n and 
n’ respectively. Following a similar calculation one can show that the 
Poisson bracket of the E variables leads to the usual vanishing Poisson 
bracket of electric fields. 

We now write the Gauss law and the Hamiltonian for the classical 
theory. The Gauss law is 


Gj(n) = $ E;(ln) = 0, (6.63) 
ln 


where ln are all the links emanating from the site n. In the limit of 
vanishing lattice spacing it can be checked that this equation gives rise 
to the usual divergence of &. To perform this limit the reader should 
be aware of the commutation relation of E;(l) where / is the link | with 
a reversed orientation. This Poisson bracket is derived from the ones 
introduced above and recalling that U(/) = UT! = Ut(l) where + is the 
conjugate transpose matrix. The result is 


{E; (1), UÄ (U/)} = —iô, p UG (I) (X; E. (6.64) 


It is possible to show that the Gauss law generates infinitesimal canon- 
ical transformations associated with gauge transformations on the lattice, 


U(n, u) > V(n)U(n, p) V! (n + n), (6.65) 
E,(n, u) > V (n)E;(n, u)V"(n). (6.66) 
The Hamiltonian is 
2 
H = Z E E;(DE;() - $ $ TH(U(O)), (6.67) 
l>0 0 


where l > 0 means all the positive oriented links of the lattice and U(Q) 
is the product of the four U variables associated with the links of the 
elementary plaquettes over which the sum runs. We have set a = 1 as is 
customary in the lattice. If not, the electric part would be altered by a 
factor 1/a and the magnetic part by a factor a. In the continuum limit, the 
electric piece immediately reproduces the continuum electric field squared. 
The magnetic part is more complicated. In order to recover the usual 
magnetic part one should subtract a negative constant proportional to 
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the number of plaquettes. The Hamiltonian that we consider is therefore 
bounded from below but is not positive-definite. 

To construct a quantum theory in the U representation we introduce 
wavefunctions Y(U) where U denotes a configuration of the system that 
assigns to each element on the lattice an SU(2) matrix. The variables 
U and E become multiplicative and purely derivative operators in this 
space. This space is endowed with a natural inner product 


< |ð >= Ji dU, &*(U)U(U). (6.68) 
1>0 
The measure is, for every lattice link, the Haar measure associated with 


SU (2) [98]. In this space the operators associated with U and E have the 
following action: 


U(I)4AU(U) = U(I)ZU(V), (6.69) 
EB; (l)U(U) = -(X;) RU (0 TOG!) (6.70) 


and the quantum expressions for the Hamiltonian and Gauss law can be 
constructed straightforwardly. 


6.3.2 Loop representation in the lattice 


Following the same steps that we used when discussing the Wegner model, 
it is immediate to introduce gauge invariant variables for the SU(2) theory 
on the lattice. Loop representations on the lattice have been considered 
by several authors [115, 110, 109]. In this section we will follow closely 
the treatment of reference [110]. 

Let us consider an algebra of classical gauge invariant quantities on the 
lattice defined by”*: 


T°(y) =4Tr u vo) = }Tr[U(y)], (6.71) 
ley 
Tè (y) = 9 Tr [U(%)E(1)], (6.72) 


where as usual l = (n, u) and U(y?) denotes the product of U(L) with l 
links in y starting at n and ending at n. The Poisson algebra is 


{T° (7), T° (n)} = 0, (6.73) 


* Our conventions in this chapter for the T variables differ from those in the rest of the book 
by a factor T We do this in order to facilitate the comparison with the particle physics 
literature which usually includes that factor in the definition of the Wilson loops. 
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(ITEY = $9 Yo ie [Tak on) -TT m], (6.74) 
l’ey 


1 n / 
(TE TEMY = 5.9 Yo ôr [TH (nh o yn o nge) — TOOT (n) | 
ley 
1 "n / 
= 59 J Sr u [TEOR ont o Ya) — Tn) THY) 
Wen 
(6.75) 


where 6; y = +1 if l and I’ are the same link, the sign depending on the 
orientation of links, and being zero otherwise. 

We now proceed to quantize the theory. We need to realize the algebra 
of classical quantities that we just introduced on a space of functions of 
loops on the lattice. As we argued in chapter 3, for the case of SU(2) it 
is sufficient to consider wavefunctions of a single loop. This was due to 
the fact that the Mandelstam identities (for SU(2)) allow us to express 
any product of Wilson loops as a linear combination of Wilson loops. 
In this chapter however, we will not take advantage of this fact and we 
will consider a representation in terms of wavefunctions of multiloops 
(“clusters” in lattice notation). 

The reason for this is that the use of multiloops will lead us naturally 
to calculational techniques that are more economical and efficient from 
the point of view of the lattice. In short we will trade aesthetics (having a 
single loop) for calculational efficiency. For instance, we may consider the 
action of the magnetic term of the Yang-Mills Hamiltonian in the loop 
representation. In terms of a representation based on multiloops its action 
is to add a plaquette to the loops in the argument of the wavefunction. In 
terms of functions of a single loop, one obtains reroutings at intersections 
(as is typical of the use of the Mandelstam identities). 

As we discussed in chapter 5, in order to represent the Hamiltonian 
of Yang-Mills theory, it is not enough to consider the “small” T algebra 
formed by T° and T!. As in the discussion of SU(N) in the continuum, 
we will not study the representation of the “large” T algebra but just 
of the T? and T! supplemented with the Hamiltonian constraint. As 
we argued in the continuum, one can always find a representation of the 
large T algebra such that the representation we introduce for the T°, T! 
and Hamiltonian is reproduced simply by considering the expression of 
the Ts in terms of E and U and choosing a factor ordering (E to the 
right in this particular case). The action of the operators on the space of 
wavefunctions of multiloops is 


T°(n)U (M15 ---5%n) = VN, V- -3 Yn), (6.76) 
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T; (n)U(n,- aa) z -25 ` ôl J 


2 i= 1l EYk 
x (Pis: © (Ye) In) — UCM, Ny - - » Yn) (6-77) 


To realize the electric part of the Hamiltonian we proceed in the same 
way as in chapter 5, recalling the commutation relation of the electric 
part of the Hamiltonian, 


EESO] (6.78) 


with the Wilson loop (which can be derived in the U ma 4 
Ê, (o) =9? So by [Tot T°) - -gX F(Y). (6.79) 
lley ley 


From here we can read off the realization of the electric part of the 
Hamiltonian on a wavefunction, which consists of four distinct contribu- 
tions E = €; + E2 + E3 + E4, given by 


EU(n,---,%m) =9" 2 L(Y (N, «++ Yn), (6.80) 
ÊU (N1, -, n) = -7 9 Alti 9) U(M15---5 In); (6.81) 
1,j=1 


where L(y) is the number of links in the loop y, A(7,7) = Mie, Mien ôi w 
(sometimes called the — length” in the case y = 7), 


Es (M1, ---, Yn) =% >> D 2, OH 


xU(V1,-- 9 Yi— 1 k)n o (yj), -3 Yj—1 Yj+1 +++ Yn) (6.82) 
ExU (Y1 --- In) =g3> XO bw 


j=1L l Ey 
x(q, 2009 VG-1) (V), (Yilni Vit <a , Yn). (6.83) 
The magnetic part of the Hamiltonian, 
R 1 A 
B = -72 Š Tr(U(Q)), (6.84) 
O 


has also a very simple action, 


BW("1,---,%m) = — S v(O,n, iaaa Ta), (6.85) 
o 
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and the loop could have been inserted in any entry. The order of loops in 
the multiloop is irrelevant. 

We therefore see that the Hamiltonian in the lattice has a beautifully 
simple geometric action. The term €; measures the length of the loop, the 
term E2 measures “overlapping” and quadratic effects in the length. The 
term €3 fuses two loops if they have an intersecting point and E4 takes any 
loop with a self-intersection and produces a fission. The magnetic terms 
simply add a loop. For the case SU(N) the action of the Hamiltonian is 
exactly the same (apart from factors dependent on the dimensionality of 
the group) [110]. 

We will now discuss methods for treating the Hamiltonian on the lattice. 


6.3.3 Approximate loop techniques 


The cluster approximation techniques we are to describe are based on the 
combination of strong coupling expansions and collective variables. Let 
us therefore start with a brief discussion of the strong coupling expansion 
in terms of loops. If one takes the limit g — oo, the magnetic term in the 
Hamiltonian of Yang-Mills theory drops out and the Hamiltonian eigen- 
value problem can be solved exactly. Remembering that all the terms in 
the electric part of the Hamiltonian are proportional to loop lengths, it 
is immediate to realize that the vacuum is a ket with zero loops |0 >. 
The energy of the vacuum vanishes. The first excited state is given by a 
plaquette excitation |O >. The second involves at most two plaquettes 
and so on. In this approximation the magnetic term is considered a per- 
turbation of the electric term. The effect of the magnetic term is to add a 
plaquette. Therefore, in the perturbative expression of the vacuum in the 
strong coupling regime, terms involving many plaquettes are suppressed 
by a power of 1/g?. 

A cluster is a set of loops in a finite region of space. The quantum 
states we will consider will be based on sets of clusters, which we assume 
to be far apart from each other. 

Examples of clusters are: 


e a single plaquette, 

e two plaquettes nearby, 

e a rectangle, 

e a plaquette traversed twice. 


The idea of this approximation is based on the action of the Hamilto- 
nian we described above. Since the clusters are assumed to be far away 
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Fig. 6.3. The three clusters considered in the example 


from each other, the Hamiltonian never connects them. The approxima- 
tion is based on truncating the basis of all possible states (all possible 
clusters) and considering a finite number of clusters and the action of the 
Hamiltonian in the truncated basis. 

Let us consider a concrete example of the action of the Hamiltonian 
of SU(2) theory in 2+ 1 dimensions on a particular set of clusters. We 
truncate the basis of clusters to only three types of cluster. This is clearly 
a toy model only and later we will give a procedure for constructing 
approximations to any desired order. 

Cluster type 1 is a plaquette. Cluster type 2 is a plaquette traversed 
twice and type 3 consists of two plaquettes with a common link in a plane, 
as shown in figure 6.3. The three elements of the cluster basis considered 
are 


typel: T°(Q)|0 >, (6.86) 
type2: T°(Q)T°(Q)|0 >; (6.87) 
type3: T°(O)T°(0')|0 >, (6.88) 


where O’ has a common link with O. The states spanned by this basis 
are denoted by 


Ini, n2, N3 >, (6.89) 


where n; indicates the number of clusters of type t present. The lattice 
position of the clusters is immaterial (as long as the clusters are far apart) 
since the action of the Hamiltonian is local and sums over all clusters. 

Let us study the action of the Hamiltonian. For convenience we rescale 
it by a factor g?/2. The magnetic term adds a plaquette. Its action can 
be written as 


g? Bln, n2, n3 >= nini — 1, n2 + 1, n3 > 
+4nilnı — 1, n2,n3 + 1 > +5ng|n1,n2 — 1, n3 > 
+8|n1,n2,n3 — 1 > +(P — 5nı — 5n2 — 8n3)|nı + 1, n2, n3 >(6.90) 


where P is the number of plaquettes in the lattice. The first term corre- 
sponds to the addition of a plaquette on top of one of the single plaquettes 
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and therefore producing a cluster of type 2. The second term introduces 
a plaquette adjacent to one of the clusters of type 1, forming a cluster of 
type 3. The third and fourth terms destroy clusters of type 2 and type 
3 respectively and produce a state rigorously out of the basis of clusters 
considered. The last term corresponds to the addition of a plaquette with- 
out contact with any of the existing clusters. We see that the action of 
the magnetic part of the Hamiltonian does not leave the basis invariant. 
There are two possibilities: either one ignores this fact and the calculation 
becomes valid only in the strong coupling limit, or one tries to encode the 
missing information in an extra set of variables (collective variables). 
The electric part of the Hamiltonian gives a diagonal contribution that 
can be written as 
g* 
2 
The remaining terms are the fission and fusion terms. The fission 
terms do not contribute because we are not considering loops with self- 
intersections at this order of approximation. The fusion terms give a 
non-diagonal contribution, 


Ê + Ê|n1, n2, N3 >= (3n1 + 4n + 13) ni, n2, n3 > (6.91) 


4 
A g 
€3|n1,n2,n3 >= “9 (nelni, na, ns > —2ng|n1, n2 — 1, n3 > 


—§n3|n1, n2, n3 ca >). (6.92) 
The first and second term originate in the action of the fusion terms on 
a cluster of type 2; this leads to a T?(O o O) which can be rearranged 
using the Mandelstam identities into a linear combination of a cluster of 
type 2 and the vacuum. The last term comes from the fusion of the two 
plaquettes present in the clusters of type 3 and leads to a rectangle, which 
does not appear at the present order. 

We are now in a position to cast the problem of finding the vacuum 
and the excited states of SU(2) Yang-Mills theory in terms of a finite 
difference equation. We start from 

< W|A|n1,n2,n3 >= E < jni, ne, n3 >, (6.93) 
and get 
n1[5U(n, + 1, n2, n3) — (ni — l n2 + 1, n3) 
—4Ẹ (nı E 1, n2, ng aie 1) T 39*U (n1, n2, n3)] 
n2[5U (nı + 1, n2, n3) = 5WU(n1,n2 — l, n3) 
+4g*Y (n1, n2, n3) — gY (n1, n2 — 1, n3)] 
n3[8 Y (nı +1,n2,n3) — 8Y (n1, n2, N3 — 1) 
+g U (n1, no, n3 = tgtY (n1, n2, n3 =< 1)] = 
P(Y (n; F 1, n2,n3) F EY (ni, n2, n3), (6.94) 
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where P is the number of plaquettes and € = E/P is the energy per 
plaquette. 

We now propose a power-law solution for the vacuum (as discussed 
above), 


Yo (nı, n2, n3) = T123 T3", (6.95) 


with z; constants, that leads to a system of non-linear equations, 


(52, + 3g*)a, — to — 423 = 0, (6.96) 
(52, + 4gt)z2 — gt —5=0, (6.97) 
4 
(8a, + 138g4)a3 — = ~8=0, (6.98) 
and the relation €9 = —x,. Note that in spite of the fact that one started 


from a strong-coupling approximation, if one takes g = 0, then zı = 
£2 = x3 = 1, which corresponds to the exact solution of the system when 
g = 0. This last fact can be better seen in the U representation. In such 
a representation the magnetic part is just a multiplication by —T°(D), 
which has a minimum at —1, and this implies that T° is 1 and therefore 
it corresponds to a configuration in which each link has associated the 
element U = 1 (up to gauge). This implies that the vacuum in the loop 
representation is V(y) = 1 for any y in the weak coupling limit, which is 
the result we found above. 
The excited states are found by trial of ansatze of the form 


(1 + ayn, + agng + agn3)r71 257235, (6.99) 


which resemble the kind of polynomial construction we performed for the 
excited states of Maxwell theory. 

We now return to the general discussion of the cluster approximation 
technique. A generic state will be characterized by a list of clusters, 
INi,- -- Nk,- >. We now propose a recursive ordering among clusters. 
This idea of order is associated with the different orders in the strong 
coupling approximation. The zeroth order will be the vanishing loop, the 
first order is a single plaquette. The nth order is obtained from the (n — 
1)th one through the action of the Hamiltonian on the basis of (n — 1)th 
clusters. We restrict the action of the Hamiltonian to the addition of a 
plaquette immediately adjacent to the existing one. The combined action 
of the electric and magnetic terms will give rise to loops of large area and 
disconnected (but close). It is simple to see that through this procedure 
one can obtain any loop on the lattice. Therefore, there exists a natural 
approximation scheme that consists in considering clusters up to a certain 
order. In particular, the previous example is an approximation of order 2. 
This proposal for the construction of a basis of clusters has the drawback 
that one may consider clusters that are equivalent under the Mandelstam 
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identities, that in the conventions used in this section read (in the loop 
representation) 


DY (ag Vas ea] SV se geo Vpn) T Ws ti Tsa) (6.100) 
An interesting point is that if one is only interested in the energy spec- 
trum of the Hamiltonian, one can ignore completely the Mandelstam iden- 
tities. The only consequence (apart from the obvious one of working on 
a larger set of states) is that the level of degeneracy of each energy eigen- 
state is increased (since one is considering as independent states that are 
not). But the point is that the energy levels are unchanged. This state- 
ment is an exact one as long as one does not truncate the basis. With 
a truncation one should be careful because clusters apparently of higher 
order could be Mandelstam rearranged to a lower order. An explicit cal- 
culation for the SU (2) case in 2 + 1 dimensions taking into account the 
complete set of Mandelstam identities [109] shows no appreciable differ- 
ence in the energy levels from those in which the Mandelstam identities 
were taken into account only partially [110], as we shall discuss later. 

Although it is difficult to exhaust entirely the content of the Man- 
delstam identities to reduce the set of states, it is possible to use them 
partially in a simple way to curb the number of states considerably. The 
Mandelstam identity for two adjacent loops sharing a common link with 
the same orientation implies that the state can be completely rewritten in 
terms of loops in which the link appears to be traversed only once. This 
means that one can automatically eliminate from the set of states those 
which include links traversed twice or more in the same direction. 

A technique that considerably improves the performance of the cluster 
approximation is the use of collective variables. The idea is to supplement 
the information one has about the clusters with the use of certain vari- 
ables, similar to the ones we discussed for the Wegner model. An example 
of a collective variable is the length of a loop L. The value of a collective 
variable Q for a certain configuration of clusters |n1,..., nk > is given 
by Q = paar n,Q; where the coefficients Q; are the values of the collec- 
tive variable for the cluster i (for instance, it could be the length of the 
cluster 7). One usually normalizes the variables such that Qı = 1. The 
wavefunctions U(n,,...,n,) can be reexpressed as U'(Q,ng,...,n,), and 
therefore to search for the vacuum one chooses the ansatz oe yn seas 
with 21, y2,..-, Yk are constants. In spite of the fact that this description 
may seem quite similar to the one presented before, the use of the col- 
lective variable Q allows us to take into account when the action of the 
Hamiltonian goes out of the space of clusters considered. Note that in 
searching for the vacuum one solves a system of non-linear equations. It 
can be seen that the equations associated with the collective variables are 
non-linear and that all the others are linear. 
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Fig. 6.4. Energy of the first excited state minus the vacuum energy (mass gap) 
as a function of the coupling constant. The calculation was performed using 
clusters up to order five and one collective variable. 


The use of collective variables allows the approximation to remain 
meaningful to a certain extent in the weak coupling regime, as can be 
seen in figure 6.4. This figure corresponds to the use of a single col- 
lective variable, appropriately chosen to fit the analytic behavior of the 
energy in the weak coupling regime. The collective variable considered is 
Q = ((N + 1)L — A)/4N, where N is the order of the approximation, L 
the length and A the quadratic length. 


In the figure one can see the transition between strong and weak cou- 
pling regimes around g° = 1. If one does not use collective variables, the 
approximation breaks down around g? = 2 ([109] figure 8). In the weak 
coupling regime the mass gap should go to zero as g — 0 linearly in g? (as 
can be seen in perturbation theory [116]). We see that there are signs of 
convergence to the expected behavior for the higher cluster orders. The 
slope for the best approximation (fifth order) is 4.03 [110], whereas strong 
coupling calculations predict a value of 4.4 + 0.5[117, 118] and the Monte 
Carlo result is 4.06 + 0.6 [119]. 
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6.4 Inclusion of fermions 


Yang-Mills theories arise in nature as the theories of the vector bosons 
that mediate the interactions of fermionic matter fields. An example 
would be the photons that allow particles with electric charge to interact. 
Another example could be the interaction of colored particles, such as 
quarks, via the exchange of SU(3) gluons. In all these examples the 
particles that interact via the Yang-Mills fields are charged fermions. 
Therefore to study interactions of gauge theories with matter we need to 
incorporate fermions in the discussion. We have already mentioned that 
fermions give rise to open paths in the language of loops both in chapter 
1 and in the discussion of the ideas about confinement. We are also 
going to present a discussion of the interaction of fermions with gravity 
in chapter 9. In this section we do not intend to develop in great detail 
the discussion of gauge theories interacting with fermions in the loop 
representation. We simply want to introduce very briefly some techniques 
that have been developed to deal with fermions interacting with gauge 
fields. These techniques are formulated on the lattice and that is the 
rationale for including the discussion of fermions in this chapter. 

The action of a gauge field interacting with a charged fermion is given 
by 


S = Stree + p (67-74 (On —ig(A wi )) bs, (6.101) 


where wy, is a group-valued four-component Dirac spinor. We have omit- 
ted the Dirac eae as is usually done. Yy, are the four Dirac matrices 
and wy! = (y7)? where (7)! is the complex conjugate of the transpose 
of Yj viewed as a four-component vector. The indices J, J are those of a 
representation of the gauge group. 

If one constructs the Hamiltonian theory of this action one finds that 
the canonical variables are y=; and its canonically conjugate momentum is 
(7)t. From here one can quantize and arrive at a “connection represen- 
tation” in which wavefunctions are labeled by the Yang-Mills connection 
and the spinor field Yz, U[A, 4]. 

One would like to find an analogue of the loop representation. In order 
to do this, one wants to introduce a transform in which one expands the 
wavefunctions of the connection representation in terms of a basis of gauge 
invariant quantities. The natural quantities that arise in this context are 
holonomies along open paths with fermions at their ends, 


W (¥) = (Y H (x4) 7 by, (6.102) 


where we have used the letter W to stress the analogy with the Wilson 
loop. Notice that W has two Dirac indices which we omit, since we do not 
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assume a contraction between (/)' and wy on the Dirac indices, which 
would be too restrictive. 

Notice that we immediately face a difficulty in the sense that the above 
quantity depends on both the configuration variable and its conjugate 
momentum. We therefore cannot use it to expand the wavefunctions 
in the connection representation in terms of it. There do not exist, in 
general, natural invariants associated with a single open path that are 
functions only of the configuration variables. For example, in the Abelian 
case (QED) the only gauge invariant quantity has the form (6.102). 

For particular gauge groups there are different alternatives for tackling 
this problem. For instance, one can make contractions (if the gauge group 
is special, like in SU(N )) with the Levi-Civita symbol in the gauge group 
and obtain gauge invariant quantities that only depend on the config- 
uration variables. For example, for SU(2) one can construct an object 
depending on a single path 


W (72) = hr(a)e"” H (m4) 5 dK (y) (6.103) 


and we will see in chapter 10 a detailed discussion of the resulting repre- 
sentation in the case of fermions interacting with gravity. 

Unfortunately for SU(N) with N > 2 the Levi-Civita symbol has more 
than two indices and one is forced to consider more than a single path in 
order to construct an invariant. For instance, for SU(3), 


W (3, 05,2) = eomn A(x), (nz) A) er (ys (z) ox (w). 
(6.104) 

The above object corresponds naturally to physical excitations of the 
theory in the confining phase. It represents a baryon constructed as three 
quarks at the ends of three gluon lines that join at the point zx. 

Evidently, constructing a representation in terms of the above objects is 
more complicated than we expected. It also leads to completely different 
representations, even at the most basic kinematical level, for the different 
gauge groups. Notice also that the above construction does not work for 
the simplest case, that of a U(1) gauge theory. 

A possibility for solving this problem, which has not been explored, 
would be to decompose the Dirac spinors in their up and down compo- 
nents and construct a representation with wavefunctions that are func- 
tionals of the connection, (pip)! and Wrgown: One can then construct 
gauge invariants that only depend on the configuration variables that are 
based on a single open path. 

All this has led to the use of a different approach for the inclusion of 
fermions in the loop representation of gauge theories, inspired by the last 
observation about decomposing the Dirac spinor into its different com- 
ponents [121, 122]. The resulting procedure makes use of the staggered 
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fermion technique introduced by Susskind in the context of lattice gauge 
theories [120]. This technique arose as a solution of the “fermion dou- 
bling” problem that is present in lattice gauge theories. 

We will only present a discussion of this technique in a simplified con- 
text, that of a free theory in one spatial dimension. In that case, Dirac 
spinors have only two components (p1, Y2). The spinors can be group- 
valued, but since we are not considering interactions this does not play 
any role, so we drop the group index in the subsequent discussion. The 
Dirac matrices in one dimension are given by 4° = 03 anda = y?y! = 04, 
where o; are the Pauli matrices and the (massless) Dirac equation is 


Op _ ow 
Ot Ox 


If one now considers a one-dimensional lattice of spacing a the dis- 
cretized equation is 


(6.105) 


Bln) = -2n + 1) -yin 1). (6.106) 


The solution of the continuum equation is given by plane waves of 
the form exp(ik;z — kot), which lead to the eigenvalue problem koy = 
kay. The solution of the eigenvalue problem leads to a dispersion relation 
ko = +k,. The discrete equation, on the other hand, has solutions of 
the form exp(ik;na — kot). In this case kı takes a discrete set of values 
|k1| = m/Na where N is the number of lattice sites and m < N. This 
corresponds to a Brillouin zone of |k| < w/a. The resulting eigenvalue 
problem is 


ko = oy (6.107) 
which leads to a dispersion relation kọ = + sin(k,a)/a. 

There are two values of kıa that lead to a continuum limit, kia = 0 and 
kıa = +7. For a given value of ko close to zero, there are two values of kı 
allowed by the dispersion relation, each close to the two values of kıa that 
lead to continuum limits. In one case the corresponding kı is positive and 
in the other negative. This is the root of the fermion doubling problem 
in the lattice: in the continuum limit one gets two fermions moving in 
opposite directions. 

The staggered fermion technique consists in putting the different com- 
ponents of the Dirac spinor in different lattice positions. For the one- 
dimensional case we are considering this amounts to putting the two com- 
ponents in alternating positions in the lattice. In 3 + 1 dimensions it is 
considerably more complicated, since one has to double each dimension of 
the lattice and therefore there is an eight-fold increase in the components. 
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The end result is that the up components lie at the even sites and the 
down components at the odd sites. See reference [120] for more details. 

After staggering the lattice position of the two components of the Dirac 
fermion, the discretized Dirac equation reads in components, 


s(n) = z= (Y(n + 1) — Ya(n—1)), (6.108) 
jela) = =la + 1) -piln — 1). (6.109) 
We now introduce a field ¢(n) defined by 
_ f (n) for n even, 
Ue l anodd. (Samo) 


in terms of which we can rewrite the Dirac equation as 


(n) = 5-($(n + 1) — (n — 1)). (6.111) 


We therefore see that the resulting equation (6.111) is equivalent to the 
original Dirac equation but with a double lattice spacing. This translates 
in terms of the momentum space into a reduction of the Brillouin zone to 
half its original size, i.e, |k| < 2/(2a). This excises from the dispersion 
relation the second continuum limit point. 

With this idea in hand, we are now in a position to return to the 
main argument which was to define gauge invariant quantities depending 
only on configuration variables to introduce a geometric formulation for 
Yang-Mills theories interacting with fermions. To do that one considers 
as configuration variables the Dirac fields ~(yoagq) at the odd sites and 
their conjugate momenta 7)(Zeyen)' at the even sites. One introduces the 
following quantities: 


W (13) i Y(Zeven) H (T2)Y(Yoda), (6.112) 


in terms of which one can define a transform to a representation purely 
in terms of paths. In this representation one can now realize the ac- 
tion of physical excitations, such as the baryonic excitation (6.104). New 
Mandelstam identities arise relating baryonic excitations and open-path 
mesonic excitations. We will not present the details here, the reader is 
referred to reference [121]. 


6.5 Conclusions 


We have seen several examples of the formulation of gauge theories in the 
lattice in terms of loop representations. It was shown that practical calcu- 
lations of excitation energies and observables are feasible in the language 
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of loops. The main advantage is that the formulation is gauge invariant 
and the action of the operators admits very simple geometric formulations 
in the lattice. In the case of the inclusion of fermions through the use of 
open paths one does not need to introduce Grassmann variables, which 
leads to computational economies. The main drawback is that the basis 
of loops grows very rapidly with the lattice size and since the description 
is Hamiltonian one does not have at hand statistical methods, like the 
Monte Carlo techniques, to deal efficiently with a large number of degrees 
of freedom. The use of cluster techniques, as we have seen, allows us with 
relative simplicity to obtain a complete approximate description of the 
phase diagram of theories, although it is not a systematic approximation 
procedure. 


7 


Quantum gravity 


7.1 Introduction 


There have been many different attempts to provide a quantum descrip- 
tion of gravitational phenomena. Although there is at present no immedi- 
ate experimental evidence of quantum effects of the gravitational field, it 
is expected on general grounds that at sufficiently high energies quantum 
effects may be relevant. The fact that quantum field theories in general 
involve virtual processes of arbitrarily high energies may suggest that an 
understanding of quantum gravity may be needed to provide a complete 
picture of quantum fields. Ultraviolet divergences arise as a consequence 
of an idealization in which one expects the field theory in question to be 
applicable up to arbitrarily high energies. It is generally accepted that 
for high energies gravitational corrections could play a role. On the other 
hand, classical general relativity predicts in very general settings the ap- 
pearance of singularities in which energies, fields and densities become 
intense enough to suggest the need for quantum gravitational corrections. 

In spite of the many efforts invested over the years in trying to apply the 
rules of quantum mechanics to the gravitational field, most attempts have 
remained largely incomplete due to conceptual and technical difficulties. 
There are good reasons why the merger of quantum mechanics and gravity 
as we understand them at present is a difficult enterprise. We now present 
a brief and incomplete list of the issues involved. The reader should 
realize that every one of these problems is to some extent currently being 
actively investigated by several groups and some of these difficulties could 
eventually be overcome. 

e It is not clear which theory of gravity to start from at a classical 
level. The fact that general relativity is the simplest viable theory does 
not necessarily mean it is appropriate for quantization. Some people 
argue that a successful theory of gravity should also incorporate all other 
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interactions in nature in a unified fashion. 

e The rules of quantum mechanics, as we know them at present, may 
not be applicable to systems without a defined notion of time, as is the 
case for generally covariant theories of gravity. 

e It is not clear that a continuous description of spacetime and fields 
will be enough to provide a framework to quantize gravity. It may be that 
the description provided by general relativity is an “effective” macroscopic 
theory with an underlying, more fundamental theory. As in the case of 
the Fermi model, quantizing the effective theory can be misleading. 

e There is a tendency to incorporate into quantum descriptions of the 
gravitational field issues related to the quantization of the universe as a 
whole (“quantum cosmology”). As a consequence it is not clear what the 
measurement process exactly is and how to define observers and measur- 
able quantities for the theory. 

As well as these more fundamental problems, several attempts to quan- 
tize the gravitational field have encountered more specific difficulties. 
Again, we present just a brief list and many of these difficulties are cur- 
rently being studied by several researchers. 

e Attempts based on perturbation theory, in which one starts with a 
fixed background metric and quantizes deviations from it have led to non- 
renormalizable theories. This has sometimes been perceived as a pathol- 
ogy of the classical theory of gravity chosen, and has motivated the study 
of quantizations of theories other than Einstein’s, most notably higher 
order theories, supersymmetric theories and theories based on strings. 
Another point of view is to notice that these attempts ignore the rich 
non-linear, geometric and topological nature of general relativity. This 
suggests that from the beginning they offered little hope of dealing ap- 
propriately with the fundamental difficulties listed above. It is therefore 
not entirely surprising that they encounter difficulties at some point. 

e In recent years there has been great interest in considering string 
theories as the fundamental theory of particles and gravity. Apart from 
possibly being able to unify all interactions, string theory was expected to 
be perturbatively much better behaved than regular field theories based 
on point particles. In spite of this better behavior, which makes each 
term in the perturbation expansion finite, the series diverges rather badly. 
Again one could view this as a failure of perturbative techniques and it 
is still possible that a non-perturbative theory of strings could yield the 
correct quantum theory of gravity. 

e The use of path integral quantization techniques has been advocated 
for gravity since it is naturally covariant and allows us to consider in a 
dynamical fashion the geometric and topological nature of gravity. With 
the exception of some mini-superspace examples, several technical dif- 
ficulties have prevented the application of these techniques to gravity. 
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Among them is the lack of understanding of the appropriate gauge in- 
variant measure of integration in the path integral, the unboundedness 
of the Einstein action and the inapplicability of Wick rotation techniques 
without a notion of time. 

e Canonical techniques have been applied to quantum gravity for quite 
some time. All the discussion in this book will be focused on this kind 
of approach and we will discuss in detail some of the difficulties that 
appear. Among the difficulties is the choice of a natural time variable in 
the theory, the construction of gauge invariant observables, the imposition 
of an appropriate Hilbert space structure compatible with regularized 
constraints enforcing gauge invariance and the fact that the spacetime 
topology is fixed. 

e Other more radical approaches try to start from theories that are fun- 
damentally different from general relativity or other field theories, usually 
with some degree of discreteness, and try to recover the usual theories in 
some limit. The main difficulty is that they are faced with the burden of 
checking that all desirable features of the usual field theories are repro- 
duced and that no unexpected behaviors are introduced. 

In this book we will concentrate on a very specific approach to quan- 
tum gravity: we will apply canonical quantization techniques to general 
relativity. 

The use of canonical quantization techniques is suggested by the results 
on Yang-Mills theories that we introduced in chapter 5. As we saw, 
one can obtain considerable progress in the canonical formulation using 
loop variables. Although there has been recent progress on the use of 
loop techniques at a covariant level, most of the emphasis up to now has 
been on canonical approaches. The choice of general relativity (in four 
spacetime dimensions) as the theory of gravity to be quantized is based 
on the fact that it is the simplest purely geometric theory available and 
it should serve well as a testbed for quantization techniques, even if it 
ultimately is superseded by another theory. 

The canonical approach to quantum general relativity had been con- 
sidered extensively in the past and had several complications. As we will 
see, general relativity is a constrained system and the constraint equa- 
tions turned out to be unmanageable at a quantum level. The situation 
changed a few years ago with the introduction of a new set of variables 
that has allowed a significant amount of progress. In particular, the new 
variables cast general relativity in a form that is similar to that of a 
Yang-Mills theory and is therefore quite suited to the techniques we have 
developed in this book. 

The outline of this chapter is as follows. In the first section we recall 
the traditional Hamiltonian formulation of general relativity. In the next 
section we work out the new canonical formulation. In the last section we 
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use the new Hamiltonian formulation to quantize canonically the theory as 
if it were a Yang-Mills theory, obtaining a connection representation. This 
will be the starting point for the development of the loop representation 
in the next chapter. 


7.2 The traditional Hamiltonian formulation 


7.2.1 Lagrangian formalism 


General relativity is a theory of gravity in which the gravitational inter- 
action is accounted for by a deformation of spacetime. The fundamental 
variable for the theory is the spacetime metric g,,. The action for the 
theory is given by 


Se J NSS Oy ee J AE E E (7.1) 


where g is the determinant of gab, R(gab) is the curvature scalar and 
we have also included a term to take into account possible couplings to 
matter, although we will largely concentrate on the vacuum case. The 
equations of motion are obtained by varying the action with respect to 
the spacetime metric, 


6S 1 ÓS matter 
Sg = 0 : Rab == 5Rgap = pgh (7.2) 
and are the well known Einstein equations. The action is invariant under 
diffeomorphisms of the spacetime manifold (which can also be viewed 
as invariance under coordinate transformations). We will see that this 
symmetry is intimately tied into the structure of the Einstein equations. 


7.2.2 The split into space and time 


The standard Hamiltonian formulation for general relativity was devel- 
oped by Arnowitt, Deser and Misner (ADM) [124]. To cast the theory in a 
canonical form, we need to split spacetime into space and time. Without 
a notion of time, there is no notion of evolution and therefore no Hamilto- 
nian in the traditional sense. This may seem odd at first; one of the main 
points of general relativity is to cast space and time on the same footing 
and this approach seems to separate them again. We will see that the 
issue is more subtle. Although the canonical formalism manifestly breaks 
the spacetime covariance of the theory by singling out a particular time 
direction, in the end the formalism itself will tell us that it really did not 
matter which direction of time we took to begin with. The covariance 
is restored by certain relations that appear in the canonical formulation 
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and the time picked is a “fiducial” one for construction purposes only. 
This is a similar situation to that which one faces when one formulates 
the theory of a relativistic particle canonically. We will see more details 
of this immediately. 

We consider a spacetime *M with metric gab that has topology 35 x R 
where 35 is a space-like surface with respect to gap. We will assume 5 is a 
Cauchy surface, i.e., a surface such that the light cones emanating from it 
span all the spacetime to the future of 25. Associated with the foliation is 
a time-like, future directed, vector t° and a function on spacetime t such 
that its level surfaces coincide with the leaves of the foliation 3X; and 
such that t90,t = 1. This vector field can be interpreted as describing 
the “flow of time” among the leaves of the foliation, but it should be 
realized that it has been introduced fiducially and cannot be connected 
with the measurements of any clock until we have a metric appropriately 
determined by the Einstein equations. We introduce a unit vector field 
n? normal to the foliation. In combination with the spacetime metric this 
defines a unique, positive-definite spatial metric on the three-dimensional 
slice, 


dab := Jab + NaNp. (7.3) 


Notice that since we have a spacetime metric all indices are raised and 
lowered with it. The vector field t° can be decomposed in components 
normal and tangential to 3D as 


tt = Nn* + N°, (7.4) 


where the scalar N is known as the “lapse” and N® is a vector on ° 
and is usually referred to as the “shift” vector. The decomposition can 
be seen in figure 7.1. It is clear that the quantities N and N° contain in- 
formation about the particular foliation rather than information intrinsic 
to spacetime. 

From the information contained in qab, N° and N one can reconstruct 
the spacetime metric, 


gv ma q% = nen’, (7.5) 


where n° can be easily constructed from N and N® and q® is the inverse 
of qab in the tangent space to "D (see Wald [123]). In fact, one can 
explicitly choose coordinates (t¢,z’) such that the metric reads 


ds? = —N*dt? + q;;(dx* + N‘dt)(dx? + Nidt), (7.6) 


where qij and N t are the coordinate components of qap and N°. We 
therefore see that the lapse has the interpretation of the “time time” 
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Fig. 7.1. The foliation introduced for the canonical formulation of general 
relativity. 


component of the metric and the shift represents off-diagonal “time space” 
components. 


An important quantity in the canonical description is the extrinsic cur- 
vature of the surface *X. This is defined by 


Kop := go a¢Vecna, (7.7) 


where V is the torsion-free derivative compatible with gab. The extrinsic 
curvature measures the rate of change of the spatial metric along the 
congruence defined by n° and therefore gives an idea of the “bending” of 
the spatial surfaces in spacetime. One can easily check that 


Kab = 4 Läqob, (7.8) 
and also that 
dab := Liab = 2N Kap + Lx qab. (7.9) 


That is, the extrinsic curvature allows us to give a measure of the 
variation of the three-dimensional metric with respect to the fiducial time 
introduced by the foliation, i.e., Kab essentially contains the information 
about the “time derivative” of qab. 

We have introduced up to now a series of quantities defined on the 
spatial surface in terms of which we can reconstruct the spacetime metric 
and its time derivatives. We now proceed to rewrite the Einstein action 
in terms of these variables (see reference [123]), 
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Se / dL, (7.10) 
L= / PrN /q?R+KwpK” — K’), (7.11) 


where q is the determinant of qap in a basis adapted to °X such that 
/-9 = N4, ČR is the (intrinsic) curvature of the spatial metric and 
K := Kaq®. To achieve this particular form of the action surface terms 
have to be added appropriately. In this book we will always deal with 
compact three-surfaces (like those that arise in some cosmologies) and 
will therefore ignore these issues. If one wants to consider non-compact 
spatial slices (as is needed in asymptotically flat spacetimes like those 
that describe stars and black holes) one can achieve the same form of the 
action by imposing appropriate boundary conditions at infinity. This can 
be done in a straightforward manner (see reference [123]). 

We now have the action of general relativity in a reasonable form to 
allow a canonical formulation. We have it expressed in terms of variables 
that are functions of “space” and that “evolve in time”. This is the usual 
setup for constructing canonical formulations. 

We pick as the canonical variable the three-metric qab and compute its 
conjugate momentum, 


óL 


tab = = = y4(K” — Kq’) (7.12) 
dab 

and we see that the conjugate momentum to the metric is essentially given 
by the extrinsic curvature (“time derivative” ). 

The variables N and N° have vanishing conjugate momenta, since the 
action (7.11) does not contain time derivatives of them. This implies the 
canonical formulation will have constraints. 

We can now perform the Legendre transform and obtain the Hamilto- 
nian of the theory 


H(i,q) = | Paad- £), (7.13) 


where £ is the Lagrangian density (L = f zL). Replacing q in terms of 
T one gets 


HG 4)= J Ba(N(—JG@R+ (y0) (7 ia — B57) —2N’Dait?, (7.14) 


where 7 = 7°°qqp) (and squared has double density weight) and Da is the 
torsion-free covariant derivative compatible with qab. 

The variables qap and 7” have the straightforward simplectic structure 
of conjugate pairs, 
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{qav(x), #°“(y)} = ogol — y). (7.15) 


7.2.38 Constraints 


Having cast the theory in a Hamiltonian form, let us step back a minute 
and analyze the formalism that we have built. We started from a four- 
dimensional metric g% and we now have in its place the three-dimensional 
q% and the “lapse” and “shift” functions N and N°. We defined a conju- 
gate momentum for qab. However, notice that nowhere in the formalism 
does a time derivative of the lapse or shift appear. That means their 
conjugate momenta are zero. That is, our theory has constraints. In fact, 
if we rewrite the action using the expression for the Hamiltonian given 
above, we get 


S= | dt J dèa (Čang +N(-qR+ (1an — 14°)) 2N? Daã?), (7.16) 


where the inverse-densitized lapse N is defined as (,/qg)~'N. If we vary 


the action with respect to N and N b in order to get their respective 
equations of motion, we get four expressions, functions of 7 and q which 


should vanish identically, and are usually called C* and H, 


Ca(m, q) a 2D 7, (7.17) 


H(T, q) = -ER + (Tia — $77). (7.18) 


For calculational simplicity, these equations are usually “smoothed out” 
with arbitrary test fields on the three-manifold, C(N) = fd°zN°%C,, 
HN) = f PINHA. 

These equations are “instantaneous” laws, i.e., they must be satisfied 
on each hypersurface. ‘They tell us that if we want to prescribe data for 
a gravitational field, not every pair of 7 and q will do; equations (7.17), 
(7.18) should be satisfied. The counting of degrees of freedom is done in 
the following way: we have a 12-dimensional phase space. In that space 
we have four constraints and we can fix four gauge conditions. We are 
therefore left with a four-dimensional constraint-free phase space, which 
gives two degrees of freedom. (General relativity being a field theory the 
previous counting holds per each point of the spatial surface.) 

These equations have the same character as the Gauss law has for elec- 
tromagnetism, which tells us that not any vector field would necessarily 
work as an electric field, it must have vanishing divergence in vacuum. 
As is well known, the Gauss law appears as a consequence of the U(1) in- 
variance of the Maxwell equations. An analogous situation appears here. 
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To understand this, consider the Poisson bracket of any quantity with the 
constraint C(N). It is straightforward to check that (exercise) 


{F (i, q),C(N)} = Lif (i,q). (7.19) 


> 


Therefore we see that the constraint C(N) “Lie drags” the function 
f(z,q) along the vector Ñ. Technically, it is the infinitesimal generator 
of diffeomorphisms of the three-manifold in phase space. As the Gauss 
law (in the canonical formulation of Maxwell’s theory) is the infinitesimal 
generator of U(1) gauge transformations, the constraint here is the in- 
finitesimal generator of spatial diffeomorphisms. This clearly shows why 
we have this constraint in the theory: it is the canonical representation 
of the fact that the theory is invariant under spatial diffeomorphisms. 
The constraint C'(NV) is analogously associated with the invariance under 
spacetime diffeomorphisms of general relativity, it is related to the time 
reparametrization invariance of the theory. 

We can now work out the equations of motion of the theory by ei- 
ther varying the action with respect to q% and ñap or taking the Poisson 
bracket of these quantities with the Hamiltonian constraint. 

The above system of constraints is first class (for the definition of this 
see chapter 3). Computing the Poisson algebra one gets 


{C(N), H(M)} = H(Lg M), (7.21) 
{H(N), H(M)} = C(K), (7.22) 


where the vector K is defined by K* = qq® (NOM — Mô N). The reader 
should notice, however, that the algebra is not a true Lie algebra, since 
one of the structure constants (the one defined by the last equation) is 
not a constant but depends on the fields q% (through the definition of 
the vector K ). At a quantum mechanical level this will imply that the 
fields should appear to the left of the constraint in the appropriate factor 
ordering to ensure consistency. 


7.2.4 Quantization 


Having cast the theory in a canonical form, we can now proceed to a 
canonical quantization, following the general quantization scheme out- 
lined in chapter 3. One picks as canonical algebra the pair qab and 7, 
and represents them as quantum operators acting on a set of wavefunc- 
tionals W[q] in the obvious fashion: ĝab as a multiplicative operator and 
R% = —if/fqab. One wants the wavefunctions to be invariant under the 
symmetries of the theory. As we saw the symmetries are represented in 
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this language as constraints. The requirement that the wavefunctions be 
annihilated by the constraints (promoted to operatorial equations) imple- 
ments the symmetries at the quantum level. The wavefunctionals that are 
annihilated by the constraints are the physical states of the theory. Notice 
that we do not yet have a Hilbert space. One needs to introduce an inner 
product on the space of physical states in order to compute expectation 
values and make physical predictions. Only at this point does one have an 
actual Hilbert space. How to find this inner product is not prescribed by 
standard canonical quantization (we will discuss this in the next section). 
Under this inner product the physical states should be normalizable. The 
expectation values, by the way, only make sense for quantities that are 
invariant under the symmetries of the theory (quantities that classically 
have vanishing Poisson brackets with all the constraints). We call them 
physical observables. For the gravitational case none is known for com- 
pact spacetimes (we will return to this issue later). The observables of the 
theory should be self-adjoint operators with respect to the inner product 
in order to yield real expectation values. 

It is at the level of the constraints that we run into trouble. We have to 
promote the constraints we discussed in the last subsection to quantum 
operators. This in itself is a troublesome issue, since general relativity be- 
ing a field theory, issues of regularization and factor ordering appear. One 
can, — at least formally — find factor orderings in which the diffeomor- 
phism constraint becomes the infinitesimal generator of diffeomorphisms 
on the wavefunctions. Therefore the requirement that a wavefunction be 
annihilated by it just translates itself in the fact that the wavefunction 
has to be invariant under diffeomorphisms. This is not difficult to ac- 
complish (formally!). One simply requires that the wavefunctions be not 
actually functionals of the three-metric q%, but of the “three-geometry” 
(i.e., meaning the properties of the three-metric invariant under diffeo- 
morphisms). Thus, what we are saying is just a restatement of the fact 
that the functional should be invariant under diffeomorphisms. One can 
come up with several examples of functionals that meet this requirement. 
The real trouble appears when we want the wavefunctions to be anni- 
hilated by the Hamiltonian constraint. This constraint does not have 
a simple geometrical interpretation in terms of three-dimensional quan- 
tities (remember that the idea that it represents “time evolution” does 
not help here, since we are always talking about equations that hold on 
the three-surface without any explicit reference to time). Therefore we 
are just forced to proceed directly: to promote the constraint to a wave 
equation, use some factor ordering (hopefully with some physical moti- 
vation), pick some regularization and try to solve the resulting equation 
(the Wheeler—-DeWitt equation). It turns out that this task has never 
been accomplished in general (it has been in simplified mini-superspace 
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examples). One of the difficulties encountered in this direction is the fact 
that the constraint is a non-polynomial function of the basic variables 
(remember it involves the scalar curvature, a non-polynomial function of 
the three-metric). 

Therefore the program of canonical quantization stalls here. It could 
well be that the constraints do not admit a consistent factor ordering 
and the quantum theory may not exist. Having been unable to find the 
physical states of the theory we are in a bad position to introduce an inner 
product (since we do not know on what space of functionals to act) and 
actually make physical predictions. This issue is compounded by the fact 
that we do not know any observables for the system, which puts us in a 
more clueless situation with respect to the inner product. This state of 
affairs had already been reached in the work of DeWitt in the 1960s [125] 
and little improvement has been made until recently. We will see in the 
next section that the use of a new set of variables improves the situation 
with respect to the Hamiltonian constraint, giving hope of maybe allowing 
us to attack the problem of the inner product. Moreover, we will see that 


the new formulation allows a natural contact with the main ideas of this 
book. 


7.3 The new Hamiltonian formulation 


As we saw in the previous section, the traditional canonical approach to 
quantum general relativity faces serious obstructions at a very early stage. 
On the other hand, as we saw, the canonical quantization of Yang-Mills 
theories has been more successful. For many years efforts were directed 
towards casting general relativity in such a way that it resembled a Yang- 
Mills theory more with the hope that quantization techniques and ideas 
developed for the latter would become applicable to general relativity. 
This led to several attempts that started from a gauge theory approach 
with the aim of deriving a theory of gravity based on gauging a partic- 
ular symmetry group. This, in general, led to new theories of gravity 
that involved higher order terms in the Hilbert action [126]. There is 
another possible approach: to keep the Einstein equations for the grav- 
itational theory but reinterpret them as statements about a connection 
instead of a metric. The simplest way to achieve such a reformulation is 
to consider the Palatini variational principle. In this, one varies the met- 
ric and the spacetime connection as independent variables. One retrieves 
the Christoffel definition of the connection as one of the field equations. 
Attempts to formulate gravity in terms of connections in this way go 
back to Einstein and Dirac in the 1940s. In order to have a formalism 
as Close as possible to a usual Yang-Mills formulation, one could take 
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the Palatini principle based on tetrads and SO(3,1) connections. This 
route was studied in some detail by Kijowski [127]. Unfortunately, the 
canonical theory based on such connections has second class constraints 
(in 3+1 dimensions). When one eliminates these, non-polynomialities are 
introduced and one is led back to the traditional Hamiltonian formulation 
[61]. It is remarkable that in 2+1 dimensions one actually can formulate 
the theory in terms of connections, although historically this was realized 
later and through a different construction. We will review the 2+1 case 
later. 


In 3+1 dimensions, the only successful attempt to obtain a canonical 
theory in terms of a connection that yields first class constraints is that 
due to Ashtekar [51]. It is based on the use of self-dual connections. Not 
only do the constraints remain first class but they are relatively simple 
polynomial functions. The price to be paid is that the self-dual connec- 
tions are complex. In the next subsections we will develop this formalism. 
The treatment will follow closely the book by Ashtekar [2], we direct the 
reader to it for extensive details. 


7.3.1 Tetradic general relativity 


To introduce the new variables, we first need to introduce the notion 
of tetrads. A tetrad is a vector basis in terms of which the metric of 
spacetime looks locally flat, 


Jab = EZE NIJ, (7.23) 


where 777 = diag(—1, 1,1,1) is the Minkowski metric, and equation (7.23) 
simply expresses that gab, when written in terms of the basis ef, is locally 
flat. If spacetime were truly flat, one could perform such a transformation 
globally, integrating the basis vectors into a coordinate transformation 
e! = Ox'/Oz'*. In a curved spacetime these equations cannot be inte- 
grated and the transformation to a flat space only works locally, the flat 
space in question being the “tangent space”. From equation (7.23) it is 
immediate to see that given a tetrad, one can reconstruct the metric of 
spacetime. One can also see that although g,, has only ten independent 
components, the e/ have sixteen. This is due to the fact that equation 
(7.23) is invariant under Lorentz transformations on the indices J, J.... 
That is, these indices behave as if existing in flat space. In summary, 
tetrads have all the information needed to reconstruct the metric of space- 
time but there are extra degrees of freedom in them, and this will have a 
reflection in the canonical formalism. 
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7.3.2 The Palatini action 


We now write the Einstein action in terms of tetrads. We introduce a 
covariant derivative via D, Ky; = 0,K,+Wer? K;. Here war” is a Lorentz 
connection (its associated covariant derivative annihilates the Minkowski 
metric). We define a curvature by Qab! = Daw" J + [wa, wb], where 
[, ] is the commutator in the Lorentz Lie algebra. The Ricci scalar of 
this curvature can be expressed as e%e2Q/ (indices I, J are raised and 
lowered with the Minkowski metric). The Einstein action can be written 
as 


S(e,w) = [as e etet Qi, (7.24) 


where e is the determinant of the tetrad (equal to y—g). 

We will now derive the Einstein equations by varying this action with 
respect to e and w as independent quantities. To take the metric and 
connection as independent variables in the action principle was first con- 
sidered by Palatini [128]. 

As a shortcut to performing the calculation (this derivation is taken 
from reference [2]), we introduce a (torsion-free) connection compatible 
with the tetrad via Vae? = 0. The difference between the two connections 
we have introduced is a field Car”, defined by Car! Vz = (Da—Va)Vr. We 
can compute the difference between the curvatures (Ri? is the curvature of 
Va), Nant? — Rep’? = Vials). ot Cia’ M Cy m”. The reason for performing 
this intermediate calculation is that it is easier to compute the variation 
by reexpressing the action in terms of V and C,// and then noting that 
the variation with respect to wa?” is the same as the variation with respect 
to C17. The action therefore is 


S= [ae e ete® (Rap? + Vala + Cia Com”). (7.25) 


The variation of this action with respect to C,// is easy to compute: 
the first term simply does not contain C,// so it does not contribute. 
The second term is a total divergence (notice that V is defined so that it 
annihilates the tetrad), the last term yields even oy oF Cox. It is easy to 
check that the prefactor in this expression is non-degenerate and therefore 
the vanishing of this expression is equivalent to the vanishing of C,,%. 
So this equation basically tells us that V coincides with D when acting on 
objects with only internal indices. Thus the connection D is completely 
determined by the tetrad and Q coincides with R (some authors refer 
to this fact as the vanishing of the torsion of the connection). We now 
compute the second equation, straightforwardly varying with respect to 
the tetrad. We get (after substituting Qab! by Ra’? as given by the 
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previous equation of motion) 
eEeRg — t Rea epeh eg = 0, (7.26) 


which, after multiplication by ej, just tells us that the Einstein tensor 
Rab — +RGab of the metric defined by the tetrads vanishes. We have 
therefore proved that the Palatini variation of the action in tetradic form 
yields the usual Einstein equations. 

There is a difference between the first order (Palatini) tetradic form 
of the theory and the usual one. One sees that a solution to the Ein- 
stein equations we presented above is simply eb = 0. This solution would 
correspond to a vanishing metric and is therefore forbidden in the tradi- 
tional formulation since quantities, such as the Ricci or Riemann tensor 
are not defined for a vanishing metric. However, the first order action and 
equation of motion are well defined for vanishing triads. We therefore see 
that strictly speaking the first order tetradic formulation is a “general- 
ization” of general relativity that contains the traditional theory in the 
case of non-degenerate triads. We will see this subtlety playing a role in 
subsequent chapters. It should be noticed that the potential of allowing 
vanishing metrics in general relativity offers new possibilities for some old 
questions, since one could envisage the formalism “going through”, say, 
the formation of singularities. It also allows for topology change [129]. 

Is there any advantage in this formulation over the traditional one? 
The answer is no. If one performs a canonical decomposition of the first 
order tetradic action, one finds that the momentum canonically conjugate 
to the connection is quadratic in the tetrads. The factorizability of the 
momenta leads to new constraints in the theory that turn out to be second 
class. If one eliminates them through the Dirac procedure one returns to 
the traditional formulation [61]. 


7.3.38 The self-dual action 


Up to now the treatment has been totally traditional. We will now take 
a conceptual step that allows the introduction of the Ashtekar variables. 
We will reconstruct the tetradic formalism of the previous subsection but 
we will introduce a change. Instead of considering the connection w,!/ 
we will consider its self-dual part with respect to the internal indices 
and we will call it Aa”, i.e., iAa 1 = temy T AMN. Now, to really be 
able to do this, the connection must be complex (or one should work in 
an Euclidean signature). Therefore for the time being we will consider 
complex general relativity and we will then specify appropriately how to 
recover the traditional real theory. The connection now takes values in 
the (complex) self-dual subalgebra of the Lie algebra of the Lorentz group. 
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We will propose as action, 
S(e, A) = [ae ede ky, (7.27) 


where F.,,7% is the curvature of the self-dual connection and it can be 
checked that it corresponds to the self-dual part of the curvature of the 
usual connection. 

We can now repeat the calculations of the previous subsection for the 
self-dual case. When one varies the self-dual action with respect to the 
connection Aa?” one obtains that this connection is the self-dual part of a 
torsion-free connection that annihilates the triad (if one repeated step by 
step the previous subsection argument, the self-dual part of C?” would 
vanish). The variation with respect to the tetrad follows along very sim- 
ilar lines except that ,,//7 is everywhere replaced by F,,/7. The final 
equation one arrives at again tells us that the Ricci tensor vanishes. Re- 
markably, the self-dual action leads to the (complex) Einstein equations. 
This essentially can be explained by the fact that the two actions differ 
by terms that on-shell are a pure divergence. This implies that the imag- 
inary part of the equations of motion identically vanishes. If one works it 
out explicitly one finds that this corresponds to the Bianchi identities. 


7.3.4 The new canonical variables 


As we said before, if one takes the Palatini action principle in terms of 
tetrads and performs a canonical decomposition, second class constraints 
appear and one is led back to the traditional formulation. A quite different 
thing happens if one decomposes the self-dual action. Let us therefore 
proceed to do the 3+1 split. As we did before, we introduce a vector 
t° = Nn*+ N°. Taking the action 


S(e, A) = [ate e eteh Fa!” (7.28) 


and defining the vector fields E? = qte> (where që = ôf + n'n, is the 
projector on the three-surface), which are orthogonal to n°, we have 


S(e, A) = J dx (e EVE’ Fa” — 2 e Ete§ngn’ Fa”). (7.29) 


We now define E? = \/qE%, which is a density on the three-manifold. The 
determinant of the triad can be written as e = N,/q. We also introduce 
the vector in the “internal space” induced by n°, defined by nr = efna. 
With these definitions, and exploiting the self-duality of F!” to write 
Fup? = itel? mn Fay“, we get 


S(e, A) = J dtr (i NELE» yn Fas“ —2Nn’EfngFa”). (7.30) 
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The action is now written in canonical form and the conjugate variables 
can be read off directly. The configuration variable is the self-dual con- 
nection A, . The conjugate momentum is the self-dual part of —i Ese}, Nd 


tun = Efmnn] — z Eteun: (7.31) 


Now, in terms of the canonical variables the Lagrangian takes the form 


J BaTr(—#°L,Ag + NOR’ Fy — (A - t)Daã® — NIR? Fa), (7.32) 
y 


where all references to the internal vector n? have disappeared. The 
projection of the spacetime connection on the time-like direction (A-t) is 
arbitrary and acts as a Lagrange multiplier. 

Since ny; is not a dynamical variable it can be gauge fixed. We fix 
n? = (1,0,0,0) and therefore eJ*’n, = e€/4*°. Since Al and 72, 
are self-dual, they can be determined by their OI components. We may 
therefore define 

Ai =i A”, B® = ñh, (7.33) 


a? 


where internal indices i,j refer to the SO(3) Lie algebra. In fact, as is 
well known the self-dual Lorentz Lie algebra is isomorphic to the (com- 
plexified) SO(3) algebra 

The new variables satisfy the Poisson bracket relations 


{At (x) , É? (y)} = +1625153 (x — y). (7.34) 


The constraints may be read off from the Lagrangian (7.32) and take 
the form 


ĝt = D,E™, (7.35) 
Co = EP Fh, (7.36) 
H = (J ESE FK, (7.37) 


and the Hamiltonian is again a linear combination of the constraints. 

The last four equations correspond to the usual diffeomorphism and 
Hamiltonian constraints of canonical general relativity. The first three 
equations are extra constraints that stem from our use of triads as funda- 
mental variables. These equations, which have exactly the same form as a 
Gauss law of an SU (2) Yang-Mills theory, are the generators of infinites- 
imal SU (2) transformations. They tell us that the formalism is invariant 
under triad rotations, as it should be. 

Notice that a dramatic simplification of the constraint equations has oc- 
curred. In particular the Hamiltonian constraint is a polynomial function 
of the canonical variables, of quadratic order in each variable. Moreover, 
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the canonical variables, and the phase space of the theory are exactly those 
of a (complex) SU(2) Yang-Mills theory. The reduced phase space is ac- 
tually a subspace of the reduced phase space of a (complex) Yang-Mills 
theory (the phase space modulo the Gauss law), since general relativity 
has four more constraints that further reduce its phase space. This re- 
semblance of the formalism to that of a Yang-Mills theory will be the 
starting point of all the results we will introduce in the rest of the book. 

In terms of the new variables, the structure of the constraints is sim- 
ple enough for the reader to be able to compute the constraint algebra 
without great effort (this computation can also be carried out with the 
traditional variables and the results are the same). We only summarize 
the results here. To express them in a simpler form (and to avoid confus- 
ing manipulations of distributions while performing the computations), 
it is again convenient to smooth out the constraints with arbitrary test 
fields and to perform some recombinations. We denote 


G(N;) = f deN; (D Ë., (7.38) 
C(N) = | daN? ESFi, — G(N“A‘), (7.39) 
H(N) =| deN EE? Fi, (7.40) 


and as before the notation is unambiguous. The constraint algebra then 
reads 


{G(N:), G(N;)} = G(LN:, N;)), 
F), C(M)} = CL aÑ), 
V), G(N:)} = G(LpN:), 
),H(M)} = H(Lp M), (7.44 
i), H(N)} =0, 
{H(N), H(M)} = C(Ë) - G(ALK®), 


where the vector K is defined by K% = 2E? E?(N aM — Mô N). Here 
we clearly see that the constraints are first class. The reader should 
notice, however, that the algebra is not a true Lie algebra, since one 
of the structure constants (the one defined by the last equation) is not 
a constant but depends on the fields E? (through the definition of the 
vector K). 

The new variables are simply related to the traditional Hamiltonian 
variables: 


Ai =T} -iKi, qg” = ÉPÉ}, (7.47) 


178 7 Quantum gravity 


where K = K,,E™ and rt is the spin connection compatible with the 
triad. 

The evolution equations for the canonical variables are obtained taking 
the Poisson brackets of the variables with the Hamiltonian, 


Ai = iett NE} Fang — NFÀ, (7.48) 
~@ . ra ae stats 
Ë; = ied" Dy(NE? ÉL) — 2D,( NIe B®), (7.49) 


A similar simplification to that introduced in the constraints is evident 
in the equations of motion. 

As we mentioned above, because of the self-duality used in the definition 
of the canonical variables, these are in general complex. The situation is 
totally analogous to that introduced when we discussed the harmonic 
oscillator and Maxwell theory in the Bargmann representation in section 
4.5. If we want to recover the classical theory we must take a “section” 
of the phase space that corresponds to the dynamics of real relativity. 
This can be done. One gives data on the initial surface that correspond 
to a real spacetime and the evolution equations will keep these data real 
through the evolution. Now, strictly speaking, this procedure is not really 
canonical, since we are imposing these conditions by hand at the end. 
That does not mean it is not useful*. In fact, one can eliminate the 
reality conditions and have a canonical theory. However, much of the 
beauty of the new formulation is lost, in particular the structure of the 
resulting constraints is basically that of the traditional formalism. 

The issue of the reality conditions acquires a different dimension at the 
quantum level. A point of view that is strongly advocated, and may turn 
out to be correct, is the following. Start by considering the complex theory 
and apply the usual steps towards canonical quantization After the space 
of physical states has been found, when one looks for an inner product, 
the reality conditions are used in order to choose an inner product that 
implements them. That is, the reality conditions can be a guideline to 
finding the appropriate inner product of the theory. One simply requires 
that the quantities that have to be real according to the reality conditions 
of the classical theory become self-adjoint operators under the chosen 
inner product. This solves two difficulties at once, since it allows us to 
recover the real quantum theory and the appropriate inner product at 
the same time. This point of view is strictly speaking a deviation from 
standard Dirac quantization, and works successfully for several model 
problems [130]. The success or failure in quantum gravity of this approach 


* A non-trivial example where it can be worked to the end is the Bianchi II cosmology [132]. 
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is yet to be tested and is one of the most intriguing and attractive features 
of the formalism. (For a critical viewpoint, see reference [131].) 
In terms of the basic variables, the reality conditions are 


(Et E”) = Be Eh, (7.50) 
(éit BY D,( EY ËS))* = (k BM DEP ÉS). (7.51) 


This particular form of the reality conditions may be useful to select real 
initial data for classical evolutions. However, if one wants to impose the 
conditions as adjointness relations of operators with respect to a quantum 
inner product, it is clear that one would need to recast the conditions in 
terms of physical observables, since these are the only quantities defined 
in the space of physical states. In particular equations (7.50),(7.51) are 
not well defined in that space. 

Up to now we have discussed the theory in vacuum. There is no diffi- 
culty in incorporating matter fields in the new variable formulation. The 
constraints can be made polynomial in a natural fashion for coupling to 
scalar fields, Yang-Mills fields, and fermions. It is remarkable that Dirac 
fermions can be introduced only coupled to the self-dual part of the con- 
nection. A complete discussion can be found in references [133, 2]. 

It is immediate to include a cosmological constant in the framework. 
In the Einstein action the cosmological constant appears as f d*z,/—gA. 
This action can be immediately canonically decomposed as 


Sa = J dt / d°’aNq, (7.52) 


and this can be written in terms of the new variables noting that the 
determinant of the three-metric is given by 


1 E 
q = gobice" Ep Ej Ek- (7.53) 


The only change introduced in the canonical theory is that the Hamil- 
tonian constraint gains an extra term, 


SOEI A eee 
H(N) = [Pane Bt EIFS + = | PrN noe" Be Ë Ëg. (7.54) 


And again, is a polynomial expression. There is no modification to the 
other constraints, since the entire term in the action is proportional to N. 


7.4 Quantum gravity in terms of connections 


7.4.1 Formulation 


The casting of general relativity as a theory of a connection has important 
implications at the quantum mechanical level. One can now proceed to 
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quantize the theory exactly like we did in chapter 5, picking a polarization 
in which wavefunctions are functionals of a connection 


WAI. (7.55) 


The Gauss law will immediately require that these be gauge invari- 
ant functions, i.e., functionals in the space of connections modulo gauge 
transformations. Notice that this is a significant departure from the tra- 
ditional picture where one considered functionals of a three-metric, or if 
one imposed the diffeomorphism constraint, of a three-geometry. 

As in the Yang-Mills case a representation for the Poisson algebra of 
the canonical variables considered can be simply achieved by representing 
the connection as a multiplicative operator and the triad as a functional 
derivative: 


At U(A) = AL U(A), (7.56) 
E2y(A) = rYA). (7.57) 


It should be emphasized that a difference with the Yang-Mills case 
arises since the connection is complex. The wavefunctions considered 
are holomorphic functions of the connection and the functional derivative 
treats as independent the connection and its complex conjugate. 

We would now like to use this choice in the representation of the canon- 
ical algebra to promote the constraint equations to operatorial equations. 
Since the constraint equations involve operator products, a regularization 
is needed. This is a fundamental point. Most of the issues one faces 
when promoting the constraints to wave equations do not have a unique 
answer unless one has a precise regularization. There is not a complete 
regularized picture of the theory at present. We will introduce some of 
the issues in this chapter and will return to them in chapters 8 and 11 as 
we develop the quantum theory and some of its consequences. 

Ignoring for the time being the regularization issue, one can promote the 
constraints formally to operator equations if one ficks a factor ordering. 
Two factor orderings have been explored: with the triads either to the 
right or the left of the connections. 


7.4.2 Triads to the right and the Wilson loop 


If one orders the triads to the right, the constraints become 


(7.58) 


(7.59) 
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MGR TA ó 6 
H=e Fab 43 SAR (7.60) 

This ordering was first considered by Jacobson and Smolin [134] because 
the Gauss law and the diffeomorphism constraint formally (without a 
regularization) generate gauge transformations and diffeomorphisms on 
the wavefuctions. 

There is a potential problem when one considers the algebra of con- 
straints. Remember that it is not a true algebra, but as we discussed, 
the commutator of two Hamiltonians has a structure “constant” that de- 
pends on one of the canonical variables, the triad. This means that in 
this ordering such a “constant” would have to appear to the right of the 
resulting commutator, which is not expected. In fact, an explicit calcu- 
lation of the formal commutator shows the triads appear to the right. 
Therefore, it is not immediate that acting on a solution the commutator 
of two Hamiltonians vanishes and it has to be checked explicitly. 

The simplest solution to the constraints in this representation is 


WA] = constant. (7.61) 


This state is annihilated by all the constraints formally and it is easy to 
check that it is also annihilated with simple point-splitting regularizations. 
This state is less trivial than one may imagine. It has been explored 
in the context of Bianchi models and it has a quite non-trivial form if 
transformed into the traditional variables [135]. 

Jacobson and Smolin set out to find less obvious solutions to the con- 
straint equations in this formalism. If one starts by considering the Gauss 
law, one would like the wavefunctionals to be invariant under SU(2) gauge 
transformations. An example of such functionals is the Wilson loop, 


W(A, y) = Te(Pexp $ dy* Aa(y) ). (7.62) 


In fact, as we have seen any gauge invariant function of a connection 
can be expressed as a combination of Wilson loops. In view of this, one 
can consider Wilson loops as an infinite family of wavefunctions in the 
connection representation parametrized by a loop V,(A) = W (y, A) that 
forms an (overcomplete) basis of solutions to the quantum Gauss law 
constraint. 

What happens to the diffeomorphism constraint? Evidently Wilson 
loops are not solutions. When a diffeomorphism acts on a Wilson loop, 
it gives as a result a Wilson loop with the loop displaced by the diffeo- 
morphism performed. Therefore they are not annihilated by the diffeo- 
morphism constraint and cannot become candidates for physical states of 
quantum gravity. In spite of that, they are worth exploring a bit more. 
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Remember they form an overcomplete basis in terms of which any physi- 
cal state should be expandable (since any physical state has to be gauge 
invariant). We will therefore explore what happens when we act with 
the Hamiltonian constraint on them. To perform this calculation we only 
need the formula for the action of a triad on a holonomy along an open 
path y, 

za / / . / 

È EUO) = U) = fF dyt? -UUO (7.63) 

óA (x) Y 


where 7? are —iV/2 /2 times the Pauli matrices. 

The reason why we are considering an open path is to avoid ambiguities 
when we act with the second derivative. The expression for the action on 
the Wilson loop we are interested in is obtained in the limit in which o 
and o’ coincide. We now act with a second triad, 


6 6 
AÌ (x) 6A} (x pala E 


fw’ Pa aes y)6(x — z)U(y2)r'U (y ¥)rIU (ye? D 


n $ dy? f, dz*ô(z — y)6(a — z)U (YI) TİUQZ)TU (YZ). (7.64) 
We now take the trace and obtain the action of the Hamiltonian, 
(x) W,[A] = 
Filer $ ay? f da"6(0 — w)b(x — EUU) 
y 
+ $ dy’ $ dz*8(a—y)6(x — TEUR U), (7-65) 
y Vy 
where the notation U (y%o) denotes the portion of the loop going from y 
to z through the basepoint o. 
If the loop has no kinks or intersections, the portion y% shrinks to a 


point due to the presence of the Dirac delta functions and the action of 
the Hamiltonian can be written as 


H(x yw [A] = 
FA (a)eige | fa f d2"6(x — y)6(a — 2)Te(r*7U(42,)) 


+ f dy? farsa — y)ô(z — z)Tr(rİr'U (7,)) = 


$ dy? $ dz*8(x — y)ôla - 2)TH(59U (A)| | (7.66) 
Y Y 
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where we have extended the second integral along the whole loop, since 
no additional contributions are added due to the fact that the loop is 
smooth. 

Notice that we have a quantity Feist which is antisymmetric in both 
a,b and 1,7 contracted with an expression that is symmetric in both a, b 
and 1,7. Therefore, the expression vanishes! We have just proved that a 
Wilson loop formed with the Ashtekar connection is a (formal) solution of 
the Hamiltonian constraint of quantum gravity. This is a remarkable fact. 
Notice that up to this discovery no solution of this constraint was known 
in a general case (without making mini-superspace approximations). His- 
torically, this discovery fostered the interest for loops in this context and 
led to the use of the loop representation. 

A key to this result was the consideration of smooth non-intersecting 
loops. If the loops have intersections or kinks, the proof we presented 
above does not work. Moreover, it should be stressed that the result is 
formal. The expressions considered involve one-dimensional integrals of 
three-dimensional Dirac delta functions. In a particular coordinate sys- 
tem they are proportional to 67(0). Therefore we are canceling divergent 
terms. 

To see if this result holds beyond the formal level, a regularization is 
needed. Two different regularizations were considered by Jacobson and 
Smolin [134]. The first one is based on “flux tubes”, a process in which 
the loops are thickened out. The main drawback of this method is that it 
is not gauge invariant. Under this regularization, smooth loops solve the 
constraint with suitable prescriptions for limiting procedures. The second 
regularization method is based on a point-splitting of the two functional 
derivatives of the Hamiltonian constraint. Although point-splitting in 
general breaks gauge invariance (since point-split quantities exist at dif- 
ferent points of the manifold and transform with different transforma- 
tion matrices) one can restore gauge invariance connecting the point-split 
quantities with holonomies along paths connecting the split points. Un- 
fortunately, under this procedure smooth Wilson loops fail to satisfy the 
constraint. An anomaly appears that is proportional to terms that depend 
on the curvature of the loops (“acceleration terms” ) and is non-vanishing. 
We will see that the role of the acceleration terms is different in the loop 
representation and there is a sense in which smooth loops correspond to 
solutions of the constraints. We will return to these and other regulariza- 
tion issues later. 

Even ignoring the regularization issues of the Hamiltonian constraint, 
there are two main drawbacks to these solutions: they do not solve the dif- 
feomorphism constraint and they fail to solve the Hamiltonian constraint 
if the loops have intersections. 

Why care about loops with intersections? Why not just restrict our- 


184 7 Quantum gravity 


selves to smooth loops? The problem appears when we try to get some 
sort of understanding of what these wavefunctionals are. The first ques- 
tion that comes to mind is what is the metric for such a state. This, in 
principle, is a meaningless question, since the metric is not an observable 
in the sense of Dirac, but let us ask it anyway to see where it leads. The 
metric acting on one of these states gives 


zab DA 6 6 


Again, this expression needs to be regularized. At a formal level we 
see that Wilson loops are eigenstates of the metric operator if the loops 
considered are smooth. Notice that the metric only has support distri- 
butionally along the direction of the tangent to the loop. Moreover, the 
metric has only one non-vanishing component, the one along the loop. 
Therefore it is a degenerate metric. Now, this statement is still meaning- 
less in a diffeomorphism invariant context, but it actually can be given 
a rigorous meaning with a little elaboration. Consider the Hamiltonian 
constraint for general relativity with a cosmological constant, given by 
expression (7.54). The only difference with the vacuum constraint is the 
term involving the determinant of the spatial metric. This term can be 
promoted to the connection representation with similar regularization dif- 
ficulties as the rest of the constraint. It is easy to see that the additional 
term formally annihilates a Wilson loop based on a smooth loop. There- 
fore the determinant of the three-metric vanishes for these states, as is 
expected for a degenerate metric. Since these states are annihilated by the 
vacuum Hamiltonian constraint and the determinant of the three-metric, 
this means they are states for an arbitrary value of the cosmological con- 
stant! That spells serious trouble. General relativity with and general 
relativity without a cosmological constant are very different theories, and 
one does not expect them to share a common set of states, except for 
special situations, such as for degenerate metrics. 

It turns out, one can improve the situation a little using intersections. 
One can find some solutions to the Hamiltonian constraint for the in- 
tersecting case by considering linear combinations of holonomies in such 
a way that the contributions at the intersections cancel [134, 136, 26]. 
However, unexpectedly, this is not enough to construct non-degenerate 
solutions. All the solutions constructed in this fashion, if they satisfy the 
Hamiltonian constraint, are also annihilated by the determinant of the 
metric [26]. This, plus the fact that they do not satisfy the diffeomor- 
phism constraint, shows that these solutions are of little physical use in 
this context. They were, however, very important historically as motiva- 
tional objects for the study of loops. We will show later how, when one 
works in the loop representation, it is possible to generate solutions to 


P(A) = X XU, (A). (7.67) 
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all the constraints that, although still based on loops, do not have this 
degeneracy problem. 


7.4.8 Triads to the left and the Chern—Simons form 


If one orders the constraints with the triads to the left, there is potential 
for a problem: as we have said, apparently in this factor ordering the 
diffeomorphism constraint fails to generate diffeomorphisms on the wave- 
functions. This would be a reason to abandon this ordering altogether. 
However, by considering a very generic regularized calculation one can 
prove that the diffeomorphism constraint actually generates diffeomor- 
phisms, so this is not a problem [137]. Besides, there is the advantage 
that when one considers the constraint algebra, one obtains (these are 
only formal unregulated results) the correct closure [51]. 

Let us see how the regularized version of the constraint in this factor 
ordering generates diffeomorphisms. We consider a point-split version of 
the diffeomorphism constraint, 


seo, 6 | 

C(N) = lim | Pad yN*(2) fela - ra] (7.68) 
where lime—o fe(z — y) = (x — y). This expression differs from that 
in the factor ordering with triads to the right by the term in which the 
functional derivative acts on Fip, J d°yf.(x — y)óFi(y)/64Ai (x). When 
the functional derivative acts on the portion of Fù, linear in Aj, one gets 
a contribution of the form f d?zN%(zx) f d?y0)6(x — y)fe(x — y). If one 
considers a regulator that is symmetric in z,y, fe(£ — y) = fely — 2), 
this contribution vanishes. The action of the functional derivative on the 
term quadratic in the connections vanishes due to the antisymmetry of 
the structure constants €}: of SU(2). We have therefore proved that the 
expression for the constraint with the triads to the left coincides, if one 
considers symmetric regulators, with the expression with the triads to 
the left. Since the former generates diffeomorphisms on the wavefunc- 
tions the latter does so as well. Therefore the diffeomorphism constraint 
regains its natural geometric interpretation and can be solved by con- 
sidering wavefunctionals of the connection V[A] that are invariant under 
diffeomorphisms. 

In this ordering, Wilson loops do not solve the Hamiltonian constraint. 
However, there is a very interesting and rich solution one can construct. 
Consider the following state, a function of the Chern—Simons form built 
with the Ashtekar connection, 


View G [ eheTr Aad Ac + 3 AvAvAdl] | (7.69) 
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This functional has the property that the triad equals the magnetic field 
constructed from the Ashtekar connection (in the language of Yang-Mills 
theory, the electric field equals the magnetic field), 

ô 3 


sa W= TE FU al Al. (7.70) 
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Moreover, it is well known that this functional is invariant under (small) 
gauge transformations and diffeomorphisms. One can check that it is 
annihilated by the corresponding constraints (with the proviso of the 
symmetric regulator in the diffeomorphism constraint introduced above). 
What may come as a surprise is that it is actually annihilated by the 
Hamiltonian constraint with a cosmological constant. This is easy to see. 
Consider the constraint 


a 6 ó kp A ó ó 6 

H= koa gal h = 6 Rob G At 5 Ai SAF (7.71) 
and notice that the rightmost derivative of the determinant of the metric 
reproduces the term on the left when acting on the wavefunction. Notice 
that the result holds without even considering the action of the other 
derivatives, and therefore is very robust vis a vis regularization. This re- 
sult was noticed independently by Ashtekar [53] and Kodama [54]. A nice 
feature of this result is that the metric is non-degenerate in the sense that 
we discussed in the previous section. The metric is just given by the trace 
of the product of two magnetic fields built with the Ashtekar connection. 
Such a property holds classically for spaces of constant curvature. This 
has led some authors to suggest that this wavefunction is associated with 
the DeSitter geometry [55]. 

The reader may question the relevance of the Chern—Simons state. First 
of all, it is only one state. Moreover, a similar state is present in Yang- 
Mills theory (this is easy to see, since the Hamiltonian is Æ? + B? and 
adjusting constants one gets for the corresponding state E = iB) and is 
known to be non-physical since it is not normalizable. This is true, but 
it is also true that the nature of a theory defined on a fixed background 
as a Yang-Mills theory is expected to be radically different from that 
of a theory invariant under diffeomorphisms, such as general relativity. 
Therefore normalizability under the inner product of one theory does not 
necessarily imply or rule out normalizability under the inner product of 
the other. The non-normalizability in the Yang—Mills context is under 
the Fock inner product, and it is expected that inner products of that 
kind will not have any relevance in the context of general relativity. At 
the moment, however, the normalizability or not of any state in general 
relativity cannot be decided, since we lack an inner product for the theory. 

It is remarkable that the Chern—Simons form, which is playing such a 
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prominent role in particle physics nowadays, should have such a singular 
role in general relativity. It is the only non-trivial state in the connection 
representation that we know that may have something to do with a non- 
degenerate geometry. We will also see in chapters 10 and 11 that the 
state plays a prominent role in the progress made in finding states in the 
loop representation and has opened up new connections between general 
relativity, topological field theories and knot theory. 

There are more things one could say about the connection represen- 
tation. There is the compelling work of Ashtekar, Balachandran and Jo 
[61] concerning the CP violation problem and the partial success (in the 
linearized theory) of Ashtekar [56] in addressing the issue of time. We do 
not have space here to do justice to these pieces of work and we refer the 
reader to the relevant literature. In particular, a good summary of these 
topics appears in the book by Ashtekar [2]. 


7.5 Conclusions 


We have formulated gravity canonically and discussed the general fea- 
tures of its canonical quantization. We have discussed the difficulties 
associated with the traditional metric variables and introduced a new 
set of variables that allows some progress in the definition of the quan- 
tum constraint equations and their solutions. We have discussed some 
of the factor ordering and regularization issues and set the stage for the 
introduction of a loop representation, which we will do in the following 
chapter. 


8 


The loop representation 
of quantum gravity 


8.1 Introduction 


Having cast general relativity as a Hamiltonian theory of a connection, we 
are now in a position to apply the same techniques we used to construct 
a loop representation of Yang-Mills theories to the gravitational case. 
We should recall that we are dealing with a complex SU(2) connection. 
However, we can use exactly the same formulae that we developed in 
chapter 5 since few of them depend on the reality of the connections. 
Whenever the presence of a complex connection introduces changes, we 
will discuss this explicitly . 

As we have seen, we can introduce a loop representation either through 
a transform or through the quantization of a non-canonical algebra. The 
initial steps are exactly the same as those in the SU(2) Yang-Mills case. 
The differences arise when we want to write the constraint equations. In 
the Yang-Mills case the only constraint was the Gauss law and one had 
to represent the Hamiltonian in terms of loops. In the case of gravity one 
has to impose the diffeomorphism and Hamiltonian constraints in terms 
of loops. In order to do so one can either use the transform or write them 
as suitable limits of the operators in the T algebra. We will outline both 
derivations for the sake of comparison. As we argued in the Yang-Mills 
case both derivations are formal and in a sense equivalent, although the 
difficulties are highlighted in slightly different ways in the two derivations. 

The space of states of an SU(2) theory in terms of the loop representa- 
tion has been discussed in detail in chapter 3. It is formed by wavefunc- 
tions with support on the group of loops, 


v(y), (8.1) 
that satisfy the basic Mandelstam identities, 
U(y) = (y"), (8.2) 
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W(yon) = V(no7), (8.3) 
W(yono B)+ U(yonoB")=U(noyon) + U(noyoB), (8.4) 


and by combination of these identities one can find an infinite number of 
linear relations among the wavefunctions. 


In many papers on the subject, multiloops have been used to build 
the loop representation. As we discussed in chapter 3, for the SU(2) 
case all expressions in terms of multiloops can be rewritten as single-loop 
expressions via Mandelstam identities. We will therefore restrict ourselves 
here to single-loop wavefunctions. 

The outline of this chapter is as follows. In the next two sections we 
will derive the expression of the constraints of quantum gravity in the 
loop representation both as a limit of the T algebra and via the loop 
transform. We will then discuss the regularization of the Hamiltonian in 
terms of loops and briefly discuss the solution space. We will return to 
the issue of solution to the constraints in chapters 10 and 11. 


8.2 Constraints in terms of the T algebra 


We need to write the classical diffeomorphism and Hamiltonian con- 
straints in terms of the T operators. It is quite simple to write the 
diffeomorphism constraint as a limit of a T! operator. Consider a one- 
parameter family 1; -(x) of closed curves in the âb coordinate plane base- 
pointed at the point x such that in the limit 6 — 0 the loops shrink to a 
point. The area element of the loop is given by 


oiy) = SOF. (8.5) 


The diffeomorphism constraint is given by the limit 


To prove this, notice that in this limit the holonomy is given by 
lim Hyon (x2)) = 1 + 30° (95 (2))Fea(2). (8.7) 


When one takes the trace to construct the T}, the contribution from the 
identity drops out because of the tracelessness of the triad and the lead- 
ing contributions is Tr(E%(z)F4,(x)), which corresponds with the usual 
expression of the vector constraint. 


A remarkable fact is that the constraint algebra is consistently repro- 
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duced in the limit 


~ 


C§(N) —> {C®(N),C8(M)} 
C(N) — {C(N),C(M)} 


i.e., computing the Poisson bracket of two T's and shrinking the loops 
yields the same results as shrinking the loops and computing the Poisson 
algebra of the constraints [139]. 

To obtain the Hamiltonian constraint we will introduce a double lim- 
iting procedure, which in what follows will be useful as a regularization 
procedure for the quantum calculation. We will consider the point-split 
classical Hamiltonian, 


C(N) = lim C*(N) = lim d’aN (x (x) | è yfe(z — y) 


x Tr(E*(y)H (ug )E (2) Fap(x) (x2), (8.9) 


where we have introduced an arbitrary infinitesimal path y,. The intro- 
duction of this path is needed in order to have a gauge invariant point-split 
Hamiltonian. Since the T variables are gauge invariant it would be im- 
possible to retrieve a non-invariant quantity from them. The contribution 
from the holonomy H(y;,) reduces to the identity in the limit. 

We will present a shrinking loop procedure that will yield the split 
constraint C(N), and from there one recovers the usual constraint in the 
limit € — 0. We introduce a one-parameter family of shrinking loops as 
before Ie (x). The Hamiltonian constraint is given by 


C(N) = lim S f Payla) | yfe -Tug us of,(2)). (8-10) 


The proof follows similar lines as before: in the shrinking limit the 
holonomy yields two contributions; the one proportional to the identity 
vanishes due to the antisymmetrization in the âb indices (if not one would 
get the metric Tr(E*E*) as leading contribution) and the term propor- 
tional to Fa» yields the constraint. 

We therefore have classical expressions relating the constraints and the 
T operators. This allows us to find expressions for the constraints as 
quantum mechanical operators by promoting their definitions in terms of 
the T quantities to quantum mechanical operators. The quantum me- 
chanical expressions for the T operators were introduced in chapter 5, 
choosing a factor ordering with the triads to the right. We recall here 
their expression 


T° (n)¥(y) = U(yon) + U(yon”), (8.11) 
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T*( = S e $ dy"5( (x — y)V(yon*), (8.12) 


e=-1 


TO (NY, ne )U(y) = XFX E 0 77,12 o HY) 
FW YE O Nys Yy Oe) VO o Tiy © 72 ony) 
+W (yy ° N4 ° Fy ° n2). (8.13) 


We now promote the relation (8.6) to an operatorial equation, 
Areh 1 3 Aa 
C(N)¥(y) =lim z | FaN eR aee 


1 3 a 
=lim 55 | aon (=) 


e $ dy?5(a — y) YC 0 (18,(2))9) 


(8.14) 


ce=— 1 


and we notice that the introduction of the infinitesimal loop Ye ) with 
the two possible orientations given by the power e a to the 
action of the loop derivative. Since the loop derivative along the reversed 
loop introduces a minus sign the two contributions € = +1 add up to give 


A 


C(N)¥(y) =- | Pan a) $ dy’êle - y)Aaw(S)¥() (8.15) 


and we see that the diffeomorphism constraint in the loop representation 
can be obtained in the limit of shrinking loops from the T! operator. As 
the derivation shows, the loop derivative arises because the action of the 
TŻ! operator corresponds to the introduction of a small loop of precisely 
the same form as in the loop derivative. 

The Hamiltonian constraint can be obtained through manipulations 
that are very similar to those of the diffeomorphism constraint. Since the 
final expression coincides exactly with the one we will obtain in the next 
section via the loop transform we do not give the explicit calculation. 
For details see reference [139]. We will just outline the first steps of the 
calculation to facilitate the comparison with the expression that we derive 
in the next secion. We need to compute 


T® (uh, py © abl) D) = XF (NX NE © uy Talt) © HE o Vy) 
+U (74 o pty? lT), HEVE) + UY o ug o FY o pz o y'a lE)) 
+U (Yy 0 TalT) 0 wh o Fy o u$) (8.16) 


and using the Mandelstam identities and recalling that we are only inter- 
ested in the antisymmetric part of T% we get 


C*(N) = lim 4 [Pauley | Pufa - yxw) 
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x [20 (7° gala) oY 0 pg o F8 o ug) 
+20 (7°94 (x) 0 Fa" 0 uy 0-7} o pz) (8.17) 


which, taking into account the definition of the loop derivative, yields a 
regularized expression for the Hamiltonian constraint that we will present 
in an explicit fashion in the next section. 


8.3 Constraints via the loop transform 


To obtain the quantum version of the constraints via the loop transform, 
we proceed in the same way as we did for an SU(2) Yang-Mills theory 
in chapter 6. There is a difference, however, due to the fact that the 
connection in the general relativity case is complex. In principle, its com- 
plex conjugate is a complicated expression given by the reality conditions. 
Therefore we cannot quite write for the transform as we did in chapter 6, 


U(y) = J dAW.[A}*U[A] (8.18) 


since the expression for W.,[A]* would, in principle, be a complicated non- 
polynomial expression in terms of A. Moreover, as we argued before, it is 
not clear that one wants to implement the reality conditions at this level. 
One may want to impose them later as relations among observables of the 
theory. 

In order to be able to proceed we will assume in the following manip- 
ulations that A is real. This is not unjustified, since the manipulations 
in terms of real As yield operator expressions in the loop representation 
that have exactly the same commutation relations as their counterparts 
in the connection representation. In this sense the loop transform is a 
very useful heuristic device for finding appropriate loop counterparts to 
operators in the connection representation. The reader should be aware 
that the following calculations are heuristic and not meant to be precise 
derivations. It is remarkable that through this procedure one can recover 
exactly the same expression for the constraints as we did in the previous 
section. This suggests that a measure may exist such that the manipu- 
lations can be made rigorous taking into account the complex nature of 
the connections. 

We therefore define 


OV(+) = J dAW,[A]OULA] = J dAO'W, [A]YLA], (8.19) 
where by Ot we mean the operator O but with a reverse factor ordering. 


Therefore the practical calculation of transforming an operator consists 
in evaluating its action on a Wilson loop as if it were a calculation in the 


8.3 Constraints via the loop transform 193 


connection representation and rearranging the result as a manipulation 
purely in terms of loops. One should remember that when considering the 
action on the Wilson loop one should choose for the operator one wishes 
to transform the opposite factor ordering to the one chosen for its action 
on wavefunctions | A]. 

We start with the vector constraint. Its action on a Wilson loop is 
given by 


Logg Wall = Fa (z) $ dy*6(y — x) Tr(H(7¥)7°H(7)) 


= $ dy*6(y — 2) Tr(H(72)FavH(72)). (8.20) 


Recalling the action of a loop derivative on a Wilson loop introduced 
in chapter 1 we get 


ila) array WolAl f asly -aAa WA, (821) 


and therefore we can write for the diffeomorphism constraint in the loop 
representation 


ÔIÑ) = | #oN*(a) $ dy*5(x — y) Aal). (8.22) 


This is exactly the expression we introduced in the first chapter as the 
generator of diffeomorphisms on functions of the group of loops and we 
checked in that chapter that it satisfied the correct algebra of diffeomor- 
phisms, 


[C(N), C(M)] = C(LyM). (8.23) 
Sometimes one may use the shorthand notation 


C(N) = | PEN’ (2) X (Aa), (8.24) 


where X°” (y) is the first order multitangent to the loop, but care should 
be exercised if the loop has multiple points (intersections). 

The reader may appreciate the remarkable fact that a formalism so 
heuristic in nature manages to yield the expected result. We started with 
the action of the diffeomorphism constraint in the connection representa- 
tion and by the most direct and obvious manipulation we end up with an 
expression with the desired geometric action in terms of loops. Encour- 
aged by this result we will follow the same procedure for the Hamiltonian 
constraint. 

The calculations for the Hamiltonian constraint are of the same nature, 
the only care to be taken is the presence of a second functional derivative, 
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which requires a regularization. We will perform here only a formal cal- 
culation in order to simplify the presentation, we postpone the discussion 
of regularization issues to the next section. In fact, at the formal level we 
have already performed the required calculation in the previous chapter, 


E Y l ó ó 
_ wk pm 
H(x)W.,[A] = e” Fale) ag 5A 


= FA (a)eign $ dy $ , dz%6(x — y)8(a — 2) TE HOYO) 
Y Yo 


+Piy(aeije § dy? $ , d2*6(x — y)8la — 2) HOR) T HO?) 
y ao 


(8.25) 
We now rearrange this expression using the identity, 

ie” Tr(T™” AT”B) = Tr(T'A)Tr(B) — Tr(A)Tr(7'B), (8.26) 
where A,B are SU (2) matrices. The integrands can then be rewritten as 

é* Tr (1 H(I H o)) = Tr(r*H(74)) Tr(A (rf, ,)) 
—Tr(H(7#))Tr(r*H (750), (8-27) 

e9* Ty (IA (y7Z)7'H(7,)) = Te(7*H (72 ,))Tr(A(7Z)) 
—Tr(H(74_)) T(r" (yy), (8-28) 

and noticing that 

Tr(A (yy o)) = Tr(H(70)), (8.29) 
Tr(r"H(y¥)) = —Tr(r"H(7y)), (8.30) 


we get for the action of the Hamiltonian, 


aA 


H(x)W.,[A] = FN dy’ f, dz? + pw A dz*)ó(x — y)é(x — z) 


x Tr(7*H(72,))Tr(Hg) — (H? o) Tr(r*H(y%)). (8.31) 


The two sets of integrals can be combined into a single one, and insert- 
ing the F% in the holonomies we get, 


H(a)W, [A] = $ dy’ $ dz8(x — y)6(x — 2) 
<Tr(Fas (2) H(7¥,))Te(H (73) — Te(HY,) Tr( Fas (2) (74). 
(8.32) 


We now rearrange the products of holonomies into a single one using the 
generalization of the Mandelstam identities when elements of the algebra 
are involved. One could have left the expression as it was and then the 
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action of the Hamiltonian constraint on a wavefunction of a single loop 
would be a function of a multiloop. This has been the approach taken 
in some papers [138]. Here, as we said before, we reexpress everything in 
terms of single loops. The identity needed is 


Tr(7’A)Tr(B) = Tr(r’(AB + AB“')) = Tr(7?(BA + B™!A)), (8.33) 


where A,B are again elements of the SU(2) group. Rearranging terms 
with this identity, we get 


H(x)W,[A] = $ dyl $ FE eee eez 
x Tr(Fas(z)[H (yy) A (70) + Alyy) (7y)]), (8-34) 


We can rearrange this expression in terms of loop derivatives, 
H(x)W.,[A] = $ dy? $ dz6(x — y)6(z — z) 
y Y 
x Aao(Yo) Tr([H(%y © Yyo0) + Hlyyo° Yy)]), (8.35) 


from which we can read off the expression of the Hamiltonian constraint 
in the loop representation, 


HN) = | PENCE) f ay! $ deale — yite — 2) 
x Dano) IU (Y; © Vo) + Eo 2 Vy): (8.36) 


It should be pointed out that the notation in the above two expressions 
for the loop derivative precisely means 


Kav (Yo) P(Y F Fao) = Aab(bo ) Y (B)l B= caren (8.37) 


and similarly for the action of the loop derivative on the holonomy. From 
now on we will use this notation whenever the Hamiltonian constraint is 
involved. Again, this expression coincides with the one introduced in the 
previous section directly obtained as a limit of the T operators. We see 
that the two approaches yield the same constraints. 

One can perform another rearrangement that simplifies the expression 
of the Hamiltonian constraint even further. Going back to the expres- 
sion in terms of F$, (8.34), there are two terms in the expression of the 
Hamiltonian. Each of them is a trace of an element of the algebra times 
elements of the group. Such traces are equal to minus the trace of the 
inverse argument. If one replaces the argument of the second trace by its 
inverse, one obtains exactly the same expression as the argument of the 
first trace, with y and z exchanged. One can relabel y and z in the second 
term (one gains an additional minus sign from the antisymmetrization in 
dy!*dz®!) and one gets back (in the limit in which the regulator is re- 
moved) the same term as the first one. Continuing with the derivation as 
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presented above one gets for the final action of the Hamiltonian 
H(N)U(1) =2 | Pay (x) $ dy $ del6 a — y)6(a — 2) 
y y 


x Aab(Yo Y (Yy ° Yyo)- (8.38) 


Because the equality presented only holds in the limit in which the 
regulator is removed, the above expression can be thought of as a different 
regularization of the Hamiltonian constraint introduced before. 

It is remarkable that such a compact expression embodies all the infor- 
mation of the time evolution of the Einstein equations in the language of 
loops. 

The constraint algebra involving the Hamiltonian constraint that we 
derived above has been computed at the formal level in reference [141] 
and it reproduces the classical algebra. Care should be exercised when 
computing the constraint algebra, since the problem necessarily requires 
a regularization, as has been emphasized in the papers by Tsamis and 
Woodard[142] and Friedman and Jack [143]. The formal computation of 
the constraints is useful, however, to illustrate a series of computational 
techniques in loop space and to clarify the meaning of the expressions of 
the constraints in the loop representation. 


8.4 Physical states and regularization 


In the previous section we found expressions for the Hamiltonian and dif- 
feomorphism constraints of quantum gravity in the loop representation. 
In this section we will discuss the construction of solutions to these con- 
straints. We will start with the diffeomorphism constraint and then we 
will analyze the Hamiltonian. We will elaborate further on the Hamil- 
tonian constraint in chapters 9, 10 and 11. In order to operate properly 
with the quantum constraints on wavefunctions we will be required to 
study the regularization of the constraints. 


8.4.1 Diffeomorphism constraint 


Let us start with the diffeomorphism constraint. In section 1.3.4 we 
showed that the diffeomorphism constraint acts on functions of loops by 
infinitesimally deforming the loop argument along a vector N. The de- 
formation is the same that the loop would suffer if it existed in a spa- 
tial manifold on which a diffeomorphism is performed along a vector N. 
Therefore if a wavefunction (y) in the loop representation is to be an- 
nihilated by the diffeomorphism constraint it should be invariant under 
deformations of the loop argument. Such functions are known as knot 
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invariants. Another way of putting this is to say that the function only 
depends on the knot class of the loop. The knot class of a loop is given 
by the orbit of the diffeomorphism group in loop space that contains the 
given loop. 

Therefore by considering such functions of loops one immediately solves 
the diffeomorphism constraint. The diffeomorphism invariance of gen- 
eral relativity therefore is very elegantly coded into knot invariance in 
the loop representation. There is an abundant literature on the study 
of knot invariants, and we will return in more detail to issues of knot 
theory in the next chapter. Notice that the situation is qualitatively dif- 
ferent from that in the traditional variables for quantum gravity. There 
one considered functionals of a spatial metric [gq]. The invariance un- 
der diffeomorphisms implied that one was dealing with functionals of the 
“geometry” (or more precisely its diffeomorphism invariant properties) 
rather than functionals of a metric. The situation is also qualitatively 
different from that in the connection representation that we discussed in 
the previous chapter. Again, there one had to consider functions of a 
connection that were invariant under diffeomorphisms [A]. Although 
some isolated examples of these can be given, it is quite evident that one 
can construct many more examples of functions of loops invariant under 
diffeomorphisms. For instance, functions that depend on the number of 
intersections of a loop or the number of corners or kinks in the loops are 
examples of functions that are invariant under diffeomorphisms. So are 
the “characteristic functions” in loop space: functions that give 1 if the 
argument is in a certain knot class and zero otherwise. Although we have 
seen that the use of loops played a role in the connection representation, 
we see that the shift in point of view offered by the loop representation is 
very important in the task of finding the physical states that are annihi- 
lated by the constraints. We will find many solutions to the constraints 
in the loop representation of which the counterpart in terms of connec- 
tions is either not known and is expected to be quite complicated or ill 
defined. Knot theory captures in a natural way the non-local, topological 
properties of a theory invariant under diffeomorphisms. The connection 
between knot theory and quantum gravity was first noticed by Rovelli 
and Smolin [38]. 


8.4.2 Hamiltonian constraint: formal calculations 


In order to discuss the solutions to the Hamiltonian constraint one needs 
to introduce a regularization. The issue of the regularization of the Hamil- 
tonian constraint is the subject of intense investigations at present. Basi- 
cally the problem is that all known regularization procedures are difficult 
to make compatible with diffeomorphism invariance and typically intro- 
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duce conflicts or ambiguities in the resulting regularized theory. We will 
first introduce a point-splitting regularization in loop space and discuss 
the action of the Hamiltonian constraint on a generic function of loop 
W(y). We will not at the moment assume that the function is invariant 
under deformations of the loops, i.e., the state will not, in general, be 
annihilated by the diffeomorphism constraint. This is the most natural 
thing to do, since the Hamiltonian constraint is an operator that is not in- 
variant under diffeomorphisms and therefore its action is not well defined 
on the space of knot invariants. In general the action of the Hamiltonian 
on a knot invariant will produce as a result a function of a loop that is 
not invariant under diffeomorphisms. 

There is a second motivation for considering the action of the Hamil- 
tonian on all function of loops, related to the details of the definitions we 
give for the constraints. This is due to the fact that the loop derivative 
that we defined in chapter 1 is not, in general, well defined on functions 
that are invariant under diffeomorphisms. This can be readily seen. The 
notion of a loop derivative involves, in general, a change of topology in 
the loop. Therefore in its definition, 


(rg oyong oy) = (1+ 50% (xz) Ago (12) V(y), (8.39) 


it could happen that the loop argument of V in the left-hand side is in 
a different knot class that that of the right-hand side. The addition of 
the infinitesimal loop would therefore not amount to a small change in 
the loop function and the limit involved in the derivative is not well de- 
fined. The situation is the loop analog of the derivative of the Heaviside 
theta function at the origin in elementary calculus. The usual way to deal 
with this problem (that leads to the calculus of distributions) is to con- 
sider the Heaviside function as a limit of a set of differentiable functions. 
Similarly here we would like to regard the functions invariant under dif- 
feomorphisms as suitable limits of non-invariant functions that are loop 
differentiable. The action of the Hamiltonian constraint on a diffeomor- 
phism invariant function will also be defined in a limiting process. 

There have been several proposals for the Hamiltonian constraint in the 
loop representation [39, 138, 139, 16, 140]. Some of them do not involve 
the use of loop derivatives or use derivatives that are different from the 
one we introduce in this book. All of them, however, are based on the 
idea of appending an infinitesimal loop to the knot and therefore do not 
have a clear and unambiguous topological action in terms of knots. 

We consider the Hamiltonian introduced in the last section 


a 


ANY = | PENE) $ dyl f dzêle — y)6(a — 2) 
x Aad Yo) (yy o Nips): (8.40) 
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As we pointed out before, the above expression is formal and a regu- 
larization is needed for its proper definition. Before discussing the regu- 
larization let us qualitatively study the action of the formal constraint on 
a function of a loop. Taking the results from the connection representa- 
tion as a guide, we know that the action of the Hamiltonian constraint 
is different if loops with and without intersections are involved. In the 
loop representation wavefunctions must take values for all piecewise dif- 
ferentiable loops. We will therefore study separately the action of the 
Hamiltonian constraint on a generic loop function V assuming that the 
argument is a smooth loop, a loop with a kink or a loop with intersections. 

The action of the formal Hamiltonian on a function of a loop U(7) is 
very simple in the case in which the argument is a smooth non-intersecting 
loop at the point where the Hamiltonian acts. In that case, in the for- 
mal expression of the Hamiltonian there is a single contribution per point 
x belonging to the loop y. The contribution is proportional (through a 
divergent factor) to the double contraction of the tangent to the loop at 
the point with the loop derivative y£? Aa (y) (where 4° is the tangent 
vector to the loop in a certain parametrization). Since one is contract- 
ing a symmetric tensor with an antisymmetric one the result vanishes. 
This is the counterpart in the loop representation of the same result 
that we found in the connection representation at the formal level: non- 
intersecting smooth loops yield solutions of the Hamiltonian constraint. 
In general, the action of the Hamiltonian involves a splitting and rerout- 
ing of the argument of the wavefunction. For the case of non-intersecting 
loops or kinks, the contribution gives back the same loop as the original 
one since yý — y and y,, — t in the limit (or vice-versa depending on 
the order of y and z along the loop). The rerouting is non-trivial only at 
intersections. At the formal level of this discussion, the Hamiltonian has 
a non-vanishing contribution at intersections and kinks but not at points 
where the loops are smooth. 

The fact that the Hamiltonian constraint has a (formally) vanishing 
action at points where loops are smooth and non-intersecting led [38, 
39] to the construction of a historically very important set of “physical 
states” of quantum gravity by simply considering wavefunctions V(y) with 
support only on smooth non-intersecting loops, i.e., 


Ww if y is smooth and non-intersecting, 
(4) = l o(y) ify g 


0 otherwise, (8.41) 


where Ųo(y) is any knot invariant. Formally the Hamiltonian has van- 
ishing action on this state since it gives no contribution if the loop y is 
either smooth (for the reasons explained above) or intersecting (since the 
state vanishes for such loops). This state has the appearance of a “step 
function” in loop space. The reader may question the applicability of a 
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Fig. 8.1. The loop used in the Mandelstam identity that is not satisfied by the 
naive states 


differential operator in loop space to such a state. In principle, the action 
could be well defined since the Hamiltonian in this case does not change 
the number of intersections of the loop and therefore has a separate ac- 
tion in the two regions into which the definition of the state partitions 
the loop space. 

Unfortunately, there is a serious objection to these kinds of naive states. 
This was noticed by Rovelli and Smolin ([39] page 135). The problem is 
that, as we emphasized at the beginning of this chapter and throughout 
this book, a state in the loop representation is not any function of a 
loop, but has to satisfy several properties, among them the Mandelstam 
identities. The Mandelstam identities imply relations among the values 
that a wavefunction takes when evaluated on loops with and without 
intersection. It is easy to check that the above proposed wavefunctions 
do not satisfy the appropriate relations. For instance, consider a non- 
intersecting loop y obtained by the composition of loops 7, y2 and y3 as 
shown in the figure 8.1, and apply the Mandelstam identity 


W (1072073) + (910720773) = U(72.0791 073) + U(72071 073"). (8.42) 


The first term in the left-hand side is V(y) and all the other terms in- 
volve intersections (and multiple lines) between the different components. 
Therefore the state has vanishing value on all the terms in the expression 
except on the first where it is Vo(y) and one is led to the contradiction: 
Wo(y) = 0. 

One could think of constructing a set of states motivated by the non- 
intersecting ones by assigning proper values to loops with intersections 
via the Mandelstam identity. This was suggested in reference[39]. Very 
recently, the introduction of the spin-network [146] ideas gave a concrete 
meaning to this construction. There is rapid development at present in 
trying to exploit these states for physical purposes [144]. 
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There is another way in which states based on non-intersecting loops 
can be thought of as generating genuine solutions to the Hamiltonian 
constraint, using the notions of bras and kets. Consider the space of kets 
|~ > and let us assume that we know an inner product in loop space 
such that the Hamiltonian is a self-adjoint operator (notice that the inner 
product is not on the physical space but on all states). We define the bra 
< a| by 


D(a) =< alt >. (8.43) 


Notice that the bras, from their definition, satisfy the Mandelstam iden- 
tities, for instance < a| =< a™|, etc. 
By definition, the action of the Hamiltonian on V(q) is 


HW(a) =< alAl|¥ >, (8.44) 


from which one can immediately read off the action of the Hamiltonian on 
a bra < a|, being given by the usual expression in the loop representation. 
If one now considers a bra < a| with a a smooth loop then < a|H| = 
0. Making use of the assumption that the Hamiltonian is a self-adjoint 
operator one has that H|a >= 0 and therefore 


< 7|Hla >= HV,(7) = 0. (8.45) 


That is, if one knows the inner product in the space of loops under which 
the Hamiltonian is a self-adjoint operator, one can construct a family 
of functions of loops Ya(y) (where the smooth non-intersecting loop a 
plays the role of a parameter) that are annihilated by the Hamiltonian 
constraint simply by taking the inner product < y|a >. These states 
satisfy the Mandelstam constraint. Notice that the wavefunctions depend 
on a loop y that can have arbitrary intersections and kinks. Though this 
construction constitutes an interesting observation, the fact that it relies 
on the introduction of an inner product in loop space under which the 
Hamiltonian is self-adjoint makes it of little use in practice. 

There is a chance that one could modify the definition of the naive 
states in order make them compatible with the Mandelstam constraints. 
In particular, Smolin{145] has a proposal based on the use of an area 
operator; however, it is not clear whether under the proposed modification 
one still manages to solve the Hamiltonian constraint. 

Let us now discuss the regularized action of the Hamiltonian constraint. 


8.4.3 Hamiltonian constraint: regularized calculations 


We again consider the Hamiltonian introduced in the last section, 


HN) = | PENCE) f ay? $ dele -yól —2) 
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x Aan (%)U(%y 2 Vea): (8.46) 


but we point split one of the Dirac delta functions, 


HN) = | PENE) f dy $ da"e(e— w)flu— 2 
x Dano) U (Vy = Na) (8.47) 


where fe(y — z) is a usual symmetric regulator. For the sake of concrete- 
ness, we can consider a family of Gaussians, 


felz — y) = (we)~/? exp (ea | | (8.48) 


One can consider other families of regulators, like families of Heaviside 
functions f(x,y) = Oe(x,y)/ where O,(z,y) = 3/4r if |x — y| < € and 
zero otherwise. The background metric enters in all cases since one has 
to compute the distance between z and y. 

Notice that there are several possibilities to regularize and the regular- 
ized expressions will, in general, be different and coincide only in the limit. 
For instance, we could have split the other delta function that appears in 
the definition of the Hamiltonian. 

The introduction of the point-splitting implies that the paths that ap- 
pear in the expression of the regularized constraint do not close a loop. 
This is equivalent to the introduction of a non-gauge invariant point- 
splitting in the connection representation, the breaking of gauge invari- 
ance being manifest in the loop representation in the appearance of open 
paths. When the regulators are removed, the open ends of paths coincide 
and one recovers closed loops and gauge invariance. One could simply 
choose to work in a regularized framework with open loops and recover 
gauge invariance only as a limit after regularization. Another procedure 
is to close the loops by adding arbitrary small paths and restore gauge 
invariance in the regularized expressions. In the limit, the contributions 
from the added paths drop out. In the connection representation one does 
not have any privileged paths to restore gauge invariance in the point- 
splitting. In the loop representation one can always choose to close the 
loops through their original trajectory before reroutings and splittings, 
as was done in references [138, 139], or through other prescribed paths 
[16, 39]. Notice that these constructions hide implicit assumptions about 
the behavior of the wavefunctions of loops ¥(y). It is not true that for all 
functions the contributions of the infinitesimal added paths drop out in 
the limit. These kinds of statements imply a certain notion of continuity 
of the functions in loop space that at the moment is not well understood. 

Let us now redo the calculation of the action of the Hamiltonian con- 
straint acting on a function of loops in the case in which it acts on a point 
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of the loop that has no kinks nor intersections. To make the calculation 
as explicit as possible we introduce a parametrization for the loop y(s)* 
with s € [0,1] and we rewrite the Hamiltonian (8.47), 


A” 


ANY) = f ds f PAION) 


x felyls) — Y) Aal Yo) T (Ys ° Yso) (8-49) 
We now split the integral in t, 


ADIO) = (f asf a+ f as fa) Moyo 
x N(7(s)) fe(¥(s) — y(t)) Aas (v8) E (É o $0). (8.50) 


The above expression involves open loops, as we discussed. One needs 
to close them appending infinitesimal loops going from s to t in one of 
the terms and from t to s in the other. Since we assume the point of 
action is smooth, there is no ambiguity in the closing process and one 
gets 4t o yt, —> y7} when t > s and yoy, — y when t < s. 

If we now replace, in the limit € — 0, 7°(t) — 4° (s) + 5° (s)(t — s) 
and y°(s)— y*(t) — Y° (s)(s — t), the terms involving two tangent vectors 
cancel out, exactly as they did in the formal calculation. Introducing the 
variable u, defined as t — s for the first integral and s — t for the second, 
one is left with 


f 1 pl 
HN) =2 f f daduro NNN) Seu) AlE) 


(8.51) 
and noticing that with the Gaussian regulator 


gyp eeil) = —ufe(uġ(s)), (8.52) 


we get for the leading action of the Hamiltonian, 


> 1 pt, (s)477(s) 

He(N)V(y) = eee | ds— iiaj Zl) Aal) P). (8.53) 

We see that the action of the Hamiltonian is divergent. This will be 
the case for all kinds of loops and points in the loop and we will be forced 
to define a renormalized Hamiltonian as the regulated operator that has 
a finite limit for € —> 0, i.e., 


Î = lim vVeĥ“. (8.54) 
cE— 


We see that the action of the Hamiltonian constraint on a smooth point 
of a loop, after the constraint is appropriately regularized and renormal- 
ized, is non-vanishing, contrary to what the naive calculation suggested. 
The resulting terms depend on higher derivatives of the loop and are 
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usually referred to as “acceleration terms” [134]. The result (8.53) is in- 
variant under reparametrization of the loops but depends explicitly on a 
background metric through |+(s)|*, reflecting the fact that the regulator 
we took is not invariant under diffeomorphisms. 

Notice that the expression (8.53) can be reinterpreted as the action on 
a loop state of a diffeomorphism along the vector field +!°(s)-y#](s) /|+(s)|?. 
This is not a standard diffeomorphism along a fixed external vector field, 
but the vector field is defined by the loop. If the loop has intersections, 
then this vector field is not well defined. If the loop is smooth, however, 
one could construct smooth vector fields Ñ on the manifold such that on 
the loop take the same value as ¥!°(s)72I(s)/|+(s)|? and the wavefunction 
should be annihilated by them (if it is invariant under diffeomorphisms). 
Therefore we see that the contribution from the acceleration terms van- 
ishes if one considers wavefunctions of smooth loops that are invariant un- 
der diffeomorphisms and one can solve the Hamiltonian constraint. This 
is an improvement on the situation in the connection representation. As 
we pointed out in the previous chapter, there one also finds acceleration 
terms when one regulates using point-splitting and that means that the 
Wilson loops do not satisfy the Hamiltonian constraint. In the loop rep- 
resentation, since we can deal with diffeomorphism invariant states, one 
can make the contributions from the acceleration terms vanish. There- 
fore we see that — ignoring the objections already stated concerning the 
Mandelstam constraints — the naive states based on loops without inter- 
sections also solve the constraints when a proper regularization is taken 
into account. 

Let us now consider the action of the Hamiltonian at a point where the 
loop has a kink [138], i.e., a discontinuity in the tangent vector to the 
curve, but there is only one line going in and out of the point, i.e., there 
are no intersections. Such a situation is illustrated in the figure 8.2. In 
the expression of the Hamiltonian there is now a contribution of lower 
order than in the previous case, stemming from the fact that at the point 
of the kink sg there are two possible values for the tangent to the loop 
which we denote y4% and 7“. Therefore, in the formal computation one 
gains a term 4Y% Aab that does not vanish. The regularized calculation 
gives as result 


baal yog, 
H.(N)¥(y) = ye T C [ ds dt 


y s82 +E 4+ 2Qsty, -¥_ 
xXexp | =a 
€ 


) Aal Yo) E (7), (8-55) 


where z; is the point at which the kink lies. If there were more than one 
kink in the loop, the expression would be the same for each of them and a 
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Fig. 8.2. A loop with a kink. Notice the convention for the tangent vectors 7%. 


discrete sum along all the kinks should be introduced. In this expression 
we have assumed that a parametrization was chosen such that |7+|? = 1. 


The integral can be explicitly computed, giving 
: . [b . a] N ( 7 :) 
ANIO) = 27 
y1- 4-7)? (9) 


x ( a sane) AaslYo') Uy). (8.56) 


27 
Again, we see this contribution from the Hamiltonian has to be renor- 
malized with a factor ye to obtain a finite contribution. We also see 
that the expression is background dependent through the angle that the 
two tangents to the loop at the kink form measured with the background 
metric. The expression of the action of the Hamiltonian on a kink can be 
rewritten in terms of a quantity called the normalized area element, 


[rR 


. [b . a] 
ogy) = at (8.57) 


cae, 


The word normalized is used in the sense that the norm of the vector 
dual to the area element is independent of the angle of the tangent vec- 
tors of the loop and therefore is independent of the background metric 
introduced for the regularization. The normalized area element is ill de- 
fined when the two tangent vectors coincide. However the product that 
appears in the action of the Hamiltonian on a kink, 


í arcsin(y, -7_) 
of (7) € = scents 2) | (8.58) 
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is well defined. It vanishes in the limit in which the two tangent vectors 
are the same and therefore the loop is smooth. This agrees with the result 
that we derived before in which the tangent-tangent contribution to the 
Hamiltonian at smooth points vanished, the leading order being given by 
the acceleration terms. We will notice a different behavior in the case of 
intersections. 

It is remarkable that much like in the case of the acceleration terms, the 
action of the Hamiltonian on a kink can be reduced to a diffeomorphism. 
Consider the usual expression for the diffeomorphism constraint, 


CWN)U(y) = | PEN (E) f dyar -Aal (859) 


and consider the particular vector field 


z- rl? 
N(x) = M(z) fr exp {-E= =) , (8.60) 


It is immediate to see that, 


n aa 
FM) YY) = lim —7-CW)U(Y). (8.61) 
Therefore we see that the action of this particular diffeomorphism on 
the loop state is exactly the same as that of the Hamiltonian in the reg- 
ularized limit if the loop is smooth with at most a finite number of kinks 
and no intersections. We therefore see another difference with the connec- 
tion representation, where Wilson loops with kinks simply failed to solve 
the Hamiltonian constraint. In the loop representation, if one considers 
states that have support on loops with kinks and are diffeomorphism in- 
variant, they automatically solve the Hamiltonian constraint (again there 
can be a conflict with the Mandelstam identities that prevents us from 
considering such functions as true states of the gravitational field). 

We finally discuss the case of a loop with intersections. We will fo- 
cus our attention on double intersections but higher order ones are a 
straightforward generalization. The calculation is very similar to the one 
we performed for the case of kinks, except that now there are four possible 
contributions coming from taking the four lines adjacent to the intersec- 
tion in groups of two. The contribution per pair is exactly the same as 
that of a single kink (8.56) with the difference that the argument of the 
wavefunction is not the loop y in the regularized limit but a rerouting 
of the loop at the intersection takes place. The vectors y$% in this case 
correspond to the two tangent vectors in the particular pair of lines con- 
sidered. An orientation convention has to be determined a priori as was 
done in the case of the kinks in figure 8.2. 
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(a) (b) (c) 


Fig. 8.3. Three different possibilities at a double intersection: (a) a straight- 
through intersection; (b) intersection with a kink; (c) intersection with more 
than two tangent vectors. Cases (b) and (c) are usually referred to as cases with 
“kinks at the intersection” 


At a double intersection there are several different possibilities, illus- 
trated in figre 8.3. The case of a straight-through intersection gives a 
qualitatively different result than the cases with kinks at the intersection. 
In the former case, the four contributions coming from taking the lines 
in pairs add up in such a way that the arcsin(7 +Y) terms in (8.56) all 
drop out and we get 


ANIYA) = RN A asl) OE) (8.62) 


It is remarkable that the expression depends on the tangent vectors 
only through the normalized area element and therefore it is independent 
of the background metric used for the regularization. This result was 
first noticed by Rovelli and Smolin [140]. Unfortunately, the resulting 
expression is ill defined in the limit in which the tangent vectors coincide, 
as opposed to the case of a single kink. 

If there are kinks at the intersection, the above cancellation of the 
arcsin(¥ n y) terms does not happen and one is left with a background 
dependent result. Several terms appear, some having the same rerouting 
effect as in the straight-through intersection but others having as the 
argument of the wavefunction the loop y, as happened at a kink. 

The action of the Hamiltonian on an intersection cannot be rewritten 
as a genuine diffeomorphism as was the case of the action on a kink or 
the acceleration terms. Attempts have been made to interpret the Hamil- 
tonian at intersections in this way (“shift operator”) [39, 139] but they 
all amount to a reinterpretation of the terms we have derived, without 
a genuine connection with diffeomorphisms. These reinterpretations may 
help to visualize the action of the Hamiltonian at intersections. At a 
smooth point in the loop the action of the Hamiltonian can be viewed as 
a diffeomorphism along the tangent to the loop. 
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As can be concluded from this section, the action of the regularized 
Hamiltonian in loop space is only non-trivial at points where the loops 
have intersections. The resulting action of the Hamiltonian at such points 
is relatively simple, it amounts to the sum of terms consisting of a straight- 
forward rerouting of the argument of the wavefunction acted upon by a 
loop derivative contracted with the normalized area element of the loop 
at the intersection point. 

At this point it is worthwhile pondering whether the point-splitting 
procedure introduced has been enough to produce well defined expressions 
for the constraints in the loop representation. The answer is positive if one 
makes certain assumptions about the wavefunctions considered. A strong 
assumption is the existence of a loop derivative of the wavefunctions. As 
was mentioned above, the loop derivative is ill defined for wavefunctions 
that are diffeomorphism invariant. In general, the action of appending 
an infinitesimal loop does not preserve the knot class of a given loop. 
Moreover, the particular way in which the infinitesimal loop is added can 
influence the final result. The way in which this conflict may be resolved 
is through the use of suitable limiting procedures for the definition of 
the wavefunctions, such that they are diffeomorphism invariant in the 
limit. Outside the limit, the loop derivative is well defined. A practical 
implementation of this proposal is the use of extended loops, to which we 
will return in chapter 11. Another proposal is to take the limits involved 
in a different way such that loop derivatives do not explicitly appear. We 
refer the reader to reference [140] for more details. 


8.5 Conclusions 


We have applied the loop representation ideas to the quantization of gen- 
eral relativity based on the Ashtekar new variables formulation. We in- 
troduced explicit expressions for the constraint equations at a formal and 
regularized level. We discussed some general issues concerning the space 
of states of the theory. In the following chapters we will discuss applica- 
tions of these ideas. In the next chapter we will discuss the inclusion of 
matter and the use of approximations. In chapter 10 we will elaborate 
on the connections with knot theory. In chapter 11 we will discuss a reg- 
ularization that gives rise to a new representation in terms of extended 
loops. 
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Loop representation: 
further developments 


9.1 Introduction 


In the previous chapter we discussed the basics of the loop representation 
for quantum gravity. We obtained expressions for the constraints at both 
a formal and a regularized level and discussed generalities about the phys- 
ical states of the theory. In this chapter we would like to discuss several 
developments that are based on the loop representation. We will first dis- 
cuss the coupling of fields of various kinds: fermions using an open path 
formalism, Maxwell fields in a unified fashion and antisymmetric fields 
with the introduction of surfaces. These examples illustrate the various 
possibilities that matter couplings offer in terms of loops. We then present 
a discussion of various ideas for extracting approximate physical predic- 
tions from the loop representation of quantum gravity. We discuss the 
semi-classical approximation in terms of weaves and the introduction of 
a time variable using matter fields and the resulting perturbation theory. 
We end with a discussion of the loop representation of 2+ 1 gravity as a 
toy model for several issues in the 3 + 1 theory. 


9.2 Inclusion of matter: Weyl fermions 


As we did for the Yang-Mills case, we now show that the loop repre- 
sentation for quantum gravity naturally accommodates the inclusion of 
matter. In the Yang-Mills case, in order to accommodate particles with 
Yang-Mills charge one needed to couple the theory to four-component 
Dirac spinors. A Dirac spinor is composed of two two-component spinors 
that transform under inequivalent representations of the group. This 
made the addition of matter complicated and one had to resort to the 
staggered fermion techniques. Although one could couple Dirac fermions 
to gravity, in the gravitational case the simplest and most natural kind 
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of matter to couple would be uncharged spinning particles. These are 
described by two-component Weyl fermions. From a particle point of 
view we will be studying the coupling of neutrinos to general relativity, 
which is described by the Einstein—Weyl fermion theory. The first dis- 
cussion of this system in terms of the new variable formulation is due to 
Morales-Técotl and Rovelli [149]. 

In order to describe Weyl fermions we need to use two-component 
spinors. We recall some basic definitions of these mathematical objects, 
a more complete treatment is in the appendix of reference [2]. Consider a 
two-dimensional complex vector space. Consider a two-form in that space 
cap and its inverse «4, defined by e4pe?© = 64°. The linear mappings 
L4? which preserve the two-form ceap must have unit determinant, i.e., 
they are elements of SL(2, C). The two-forms «€ provide an isomorphism 
between the two-dimensional vector space and its dual, which we can de- 
note by raising and lowering of indices with the following conventions (care 
should be exercised because of the antisymmetry of €4g): n4 = e4? ng 
and ng = nie AB. Since the elements of this vector space are complex, 
a natural notion arises of the vector space of the complex conjugate ele- 
ments and its dual. A vector in the complex conjugate space is denoted 
by a prime in its index 7“ or nø if it is in its dual. Primed indices are 
raised and lowered with the matrix €^’ and € A! B!- 

In terms of two spinors one can define a vector space V of objects of the 
form 844" such that B44 = —B44’. It is straightforward to check that 
this has the structure of a four-dimensional real vector space equipped 
with a natural metric capea’ p' of signature (—,+,+,+). Consider now a 
four-dimensional spacetime and a fiber bundle over it with fibers isomor- 
phic to the two-dimensional vector space introduced above. It is natural 
to identify the tangent space at each point of the spacetime with V, 


ohyb A = Be (9.1) 


in such a way that the metric of V is mapped to the metric of spacetime, 
g” = 64, 40% p48 4 ® . If o exists globally on the spacetime we say that 
it admits an SL(2, C) spinor structure. Objects of the form 74 are called 
unprimed spinors and those of the form n^ primed spinors; the matrices o 
are called soldering forms. The role of the soldering forms is the analogue 
in spinor language of the role of the tetrad fields in tetradic language. 
Both entities carry enough information to reconstruct the spacetime met- 
ric and they are determined by the metric up to local transformations 
(SO(3,1) in the case of the tetrads, SL(2, C) in the case of the soldering 
forms). Their relation can be explicitly written o4 5, = e404 4p, where the 
o$ 4p Matrices are constant SL(2,C) matrices. A basis of such matrices 
is given by o! = (1,7°), where rê are iV/2/2 times the Pauli matrices 
[148]. 
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The Lagrangian for general relativity coupled to Wey] fermions in terms 
of self-dual first order variables was independently introduced by Jacobson 
[147] and Ashtekar, Romano and Tate [133]. It is given by 


S(e, A, p,p) = [az| eebe FIK + V2eetol , ap’ Da], (9.2) 


where the notation is the same as in section 7.3. The fields y4 and 4 
are Grassmann-valued (anticommuting) S L(2, C) spinors. The covariant 
derivative on spinors is defined as Dgw4 = ap^ + Aay? and the self- 
dual connection is defined in terms of the connection defined in section 
7.3.3 by á, p= = Agryos rd B- 

One can perform a canonical decomposition of this action along the 
same lines as that performed in chapter 7 for pure gravity. We will not 
give the details here (they are discussed in reference [2]). The main point 
is that the introduction of the unit normal n° introduces an isomorphism 
in the spinor space that casts the formalism in terms of SU(2) spinors. 

SU (2) spinors are defined in the same fashion as SL(2,C) spinors but 
one introduces an additional structure, a Hermitian inner product among 
spinors defined by < #|¢ >= p^ Gard? with Gag = Gaa. It fol- 
lows that the transformations that leave invariant both €4pg and G4,’ are 
SU (2) transformations. The metric G defines an operation “{” relating 
the primed and unprimed spinors (84)t = —e4^PG ga 8^ . If one now con- 
siders the space H of objects B4 p such that 644 = 0 and (0g Spa 
it turns out that it has the structure of a three-dimensional ai space 
equipped with a positive definite metric (8,7) = -B4 pgn? 4. It can then 
be made isomorphic to the tangent space of a curved three-manifold with 
metric q% = —a%4g0°% 4, the matrices o again are called soldering forms 
and are related to the (undensitized triads) by 044g = E?r* with r’ as 
defined above. 

Continuing with the discussion of the canonical decomposition of the 
action, the introduction of the unit normal n° and its associated SL (2, C) 
spinor n44 = iV2n%cA” gives the matrix G4“ that implements the 
Hermitian inner product that introduces the SU(2) spinors in the for- 
maneni The three- and four- dimensional soldering forms are related 
by oa% 3 Sy, oAA’ Garp. The canonical variables end up being A’, and 
pô and the coreaponditie canonically conjugate momenta are E¢ and 
a = —ie(w,)'. The theory has the same constraints as usual gen- 
eral relativity (the theory is invariant under the same symmetries) but 
the constraints are appropriately modified to. generate the corresponding 
transformations in the fermionic variables. The constraints are given by 


Gİ = D Ë“ — gate’, (9.3) 
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v2 


H = eijk Er Ej F — 2E2 i Dape (00) 4P. (9.5) 


The Weyl field is Grassmann-valued, so the canonical Poisson bracket 
between 7,4 and 7” has a + sign. 

We now define an algebra of gauge invariant operators for the theory. 
Apart from the usual T variables constructed with the connection A’ one 
can define the following variables, based on open paths such as the ones 
defined in chapter 1: 


Z(n¥) = y4 (z)U 4? (n¥) ba (y), (9.6) 
Y (n¥) = 14 (x)U A? (n¥)dB(y). (9.7) 


These objects form a closed algebra under Poisson brackets with the 
T variables. One could define two other variables, one by considering 
yw and 7 in the reverse order in Y and another with two ñs at the ends. 
Although one does not need these variables to write the Hamiltonian they 
are needed to write other gauge invariant quantities. 

The open path variables satisfy a series of identities; first of all notice 
that the dependence is on a path, in the sense of chapter 1, so retraced 
portions do not contribute. Moreover, they satisfy the relations 


Ca = EP Fi, + —taDav*, (9.4) 


Z(ny) = 2(nz), (9.8) 
Z(n¥ o BZ)T° (y) = Z(n¥ o y o BZ) + Z(n oy o BZ), — (9.9) 
Z(nz')4 (nz) Zz) = 0. (9.10) 


The first identity (retracing) stems from the fact that the spinor fields 


are Grassmanian and as a consequence U(y)4, = U(y7!) B^ and also 
U(y)ap = U(y~")ap. The second identity is the Mandelstam identity 
for open paths. In that identity the loop y is connected by a tree to the 
point y to connect with the open path. The third identity, which is also 
valid for three open paths ending at the same point comes from the fact 
that the spinor fields are Grassmanian and being two-component objects 
one cannot have more than two at a given point. These identities are the 
same as those we found in chapter 6 for Yang-Mills theories coupled to 
fermions, with the exception of the retracing identity, which was absent 
in that case. 
The algebra of these quantities is 


{Z (nd), Z(yz')} =0, (9.11) 
{Y (nz), Z(yz’)} = O(a — w)Z(yz' 0 nf) + O(a — z)Z (yu ° n2), (9.12) 
{Y (nz), Y (Yz )} = lx — w)Y (yz 003) + O(y — z)Y (nz o Yw), (9-13) 


and their commutators with the T variables can be seen in reference [149] 
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but are similar to the commutators of the T variables with T° since the 
fermionic parts do not contribute. The algebra of the Z and Y operators 
can be viewed, as in the Yang-Mills case, as a set of rules of fusion and 
splitting of paths. 

The diffeomorphism and Hamiltonian constraint can be written purely 
in terms of the T variables and the Y variable but we will not present a 
detailed derivation here. 

A quantum representation of this algebra can be obtained in terms of 
operators that act on a space of wavefunctions of loops and open paths. 
One can reduce the loop dependence, using Mandelstam identities, to a 


single loop and a series of open paths (%!,... , BYn. The quantum repre- 
sentation is given by 
Î (TYE (B2, ... , 88", 7) = (nd, BY), (9.14) 


Y (n¥)(B, 7) =i D> [5(a — ay) W(..., BEE omY,...,7) 
k=1 


+ (a — yp) U(..., B2 omd,...,7)] . (9.15) 


The operator Z simply appends the open path it has as argument to 
the wavefunction. The operator Y appends its open path argument at 
the beginning and at the end of each of the open paths on which the 
wavefunction depends. 

The quantum constraints can be written in a straightforward fashion. 
We will not discuss in detail the realization of the diffeomorphism con- 
straint. The effect is the expected geometric one: the loops and paths 
are deformed along the diffeomorphism flow. The additional terms in 
the constraint take care of moving the end points of the open paths. It 
is immediate to construct the solution space to that constraint in a ge- 
ometric fashion, much in the same spirit as in the purely gravitational 
case. The solution space is composed of wavefunctions of the generalized 
knot classes, the sets of knots and open paths that are related by the 
orbits of the diffeomorphism group. The concept of knotting when open 
paths are involved is non-trivial due almost only to the possible presence 
of intersections. If no intersections (or self-intersections) are present, all 
open paths are equivalent under diffeomorphisms. The “almost only” ac- 
counts for the fact that configurations with non-intersecting paths can be 
diffeomorphism inequivalent if the number of paths is different. 

We will not present in an exhaustive fashion the general action of the 
Hamiltonian on a wavefunction of a multipath with arbitrary intersections 
and self-intersections, since it resembles very closely the case of pure grav- 
ity when written in terms of multiloops [138]. The action of the operator 
can be found by writing it in terms of the algebra of gauge invariant 
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operators that we introduced above or in terms of the loop transform, 


V (BY... 87) = [dA f dpU[A,y]Z (BE) x -- x ZRT). 
(9.16) 
We would, however, like to illustrate the new contributions that arise 
due to the fermionic parts by considering the action of the Hamiltonian 
on a state dependent.on a single, possibly self-intersecting, path. In or- 
der to compute this, we consider the action of the fermionic part of the 
Hamiltonian on one of the Zs that appear in the loop transform, 


Aweyi(z)Z(n¥) = —2E; (2) a(z) Daa (z) (00) 4P Z(a¥) 


E E a 


SA) TEA (9.17) 


The result is 
Ĥweyi(2)Z (72) = 2(6(2—2)X% (1) D7 —5(2-y)X (mw) DY) Z(n¥), (9.18) 


where DY is the Mandelstam covariant derivative we introduced in chapter 
1, with the generalization that it acts not only at the end point of the 
open path but also at the beginning. From this result we can read off 
the action of the Weyl part of the Hamiltonian on a state dependent on 
a single open path, 


Hweyi(z)U (mz, Y) = 2(6(z — 2) X" (1) Dg — 6(z — y) X (1) Dg) U (7g, 7). 
(9.19) 
The geometric meaning of the Weyl part of the Hamiltonian is to trans- 
late the ends of the open paths in the direction of the tangent vector at 
those points. It is remarkable that the action of the purely gravitational 
Hamiltonian we discussed in the previous section on non-intersecting loops 
has a rather similar effect, in the sense that it can be interpreted as a dif- 
feomorphism along the loop. In this sense, if one considers the purely 
gravitational Hamiltonian in terms of loops and extends naturally its 
action to open paths one is automatically left with the Einstein—Wey] 
fermion theory, without the need to input details about the Weyl Hamil- 
tonian. In this sense the loop representation of quantum gravity naturally 
“predicts” the Dirac equation for fermions [149]. 


As in the previous section, one must regularize and renormalize the 
operators; the techniques involved are similar so we omit a detailed dis- 
cussion. Morales Técotl and Rovelli [149] study the issue in detail using 
regularization ideas that we will discuss in section 9.5.1 in the context of 
pure gravity using a matter clock. 
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9.3 Inclusion of matter: Einstein—Maxwell and unification 


Once a theory is cast in terms of a connection we can build a loop rep- 
resentation for it. We have done so for Yang-Mills theories and also for 
general relativity. What happens when one couples such theories? The 
obvious answer is to consider a mixed loop representation with some loops 
associated with the connection of a certain theory and others to the other. 
Such an approach can be pursued for all gauge fields that are coupled in 
gauge invariant fashion, as are all Yang-Mills fields coupled to gravity. In 
essence, the resulting description is faithful to the spirit of this book in 
which each gauge field has been treated as quantizable in its own right. 
For many years, however, the trend in particle physics has been towards 
viewing the different gauge fields as different low energy manifestations 
of a single unified theory that is apparent only at high energies. The 
question therefore arises: are loop descriptions estranged from unification 
ideas or can they be made compatible to a certain extent? Such a subject 
is largely unexplored at present. What we would like to show in this sec- 
tion is that the seeds for a unified description of gauge fields in terms of 
loops may be present. We will illustrate the idea with the simplest possi- 
ble example, that of Einstein-Maxwell theory. However, we will see that 
the idea goes through largely unchanged if one replaces Maxwell theory 
with a Yang-Mills field. 

The Einstein—-Maxwell theory in the canonical formulation based on 
Ashtekar’s new variables is described in terms of the usual variables for 
the gravitational part plus a U(1) vector potential aa, its associated field 
tensor fab = jaa) and the electric field e*. The constraint equations are 


ða = 0, (9.20) 
DE =0, (9.21) 
ËL Fi, +i Kè fay = 0, (9.22) 


plus a Hamiltonian constraint. The first equation is the U (1) Gauss law 
of Maxwell theory, the second set is the gravitational Gauss law and the 
third set is the diffeomorphism constraint. Due to the fact that the Gauss 
laws for both gauge groups appear separately one could build, as argued 
above, a loop representation based on two separate sets of loops, one 
associated with the U(1) invariance and other with the SU(2) invariance. 
In that loop representation, each set of loops would operate independently 
and be subject to separate Mandelstam identities. 

We now show that the above gauge symmetries can be cast in a unified 
fashion, suitable for the introduction of a loop representation based on a 
single kind of loop that still captures the information of the two interacting 
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theories. Let us introduce a U(2) connection A, in the following way, 
Aq = Att + iagl, (9.23) 


where 7; are the Pauli matrices with our usual conventions and 1 is the 
identity matrix in two dimensions. One can similarly introduce a U(2) 
electric field £ and from the U(2) connection build a field tensor F, and 
a covariant derivative Da. 

The remarkable fact is that the constraints we wrote above can now be 
written 


D£ =0, (9.24) 
Tr(E°F.4) = 0, (9.25) 


and the Hamiltonian constraint can also be written in terms of these 
variables, though we will not need its particular expression here. We 
refer the reader to reference [97] for more details. The point is that at the 
kinematical level, the theory looks exactly the same as vacuum general 
relativity but with an enlarged gauge group, U(2) instead of SU(2). This 
construction can also be carried out for general relativity coupled to a 
Yang-Mills field with gauge group G*™, the resulting group is SU(2) x 
GYM [150]. 

Therefore one can now construct a loop representation based on a single 
kind of loop for the U(2) symmetry. In such a representation the unified 
Gauss law (9.24) is automatically solved. The wavefunctions are functions 
of multiloops subject to the U(2) Mandelstam constraints, 


W(y1 © 72) = Y(n ° 7), (9.26) 
P (y1, Y2, Y3) = U(N © Ye, V3) + U(y2 0 V3, V1) + (V3 ° V1, 72) 
=T (q1 072 0 Y3) — YV ° 73 ° 72). (9.27) 


Two comments are in order. First notice that there is no retracing 
identity, U(y) 4 V(y~'). Second, notice that the second Mandelstam 
identity is considerably different from that of SU(2). In the SU(2) case 
the second Mandelstam identity allowed us to express a wavefunction of 
n loops as a combination of wavefunctions of n — 1 loops and could be 
used recursively to reduce any wavefunction of a multiloop to a single- 
loop wavefunction. In the present case, the identity allows us to reduce 
a wavefunction of n loops to a combination of wavefunctions of n — 1 
and n — 2 loops. This implies in particular that one can only reduce a 
wavefunction of an arbitrary multiloop to a wavefunction of two loops. 

Remarkable we therefore come to the conclusion that wavefunctions in 
the unified loop representation depend on two loops, exactly as if we had 
built two independent representations for gravity and electromagnetism. 
There is an important difference: in the unified case there is no distinction 
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between the two loops and the Mandelstam identities for both of them are 
the same. We therefore see that a unified setting arises as a consequence 
of going to the language of loops. Similar considerations hold for the case 
in which the group is not U(2) but SU(2) x GYM though the minimum 
number of loops involved is higher. 


There are several aspects of this unification that are interesting enough 
to merit investigation. We will only briefly discuss them here since the 
subject is largely unexplored. By inspection we can tell what the diffeo- 
morphism constraint of the unified theory implies in the loop represen- 
tation. Since it has exactly the same form as the usual diffeomorphism 
constraint of general relativity, we know it will require that the wavefunc- 
tions be invariant under smooth deformations of the loops. Therefore we 
know how to solve that constraint: we just need to consider functions of 
two loops that are invariant under deformations of the loops. Notice that 
if one had pursued a loop representation based on separate loops for both 
gauge invariances, the action of this constraint would be considerably less 
geometrical and more involved. Some of the results we introduced in the 
connection representation for gravity in the previous chapter apply to 
the unified model. For instance, if one constructs a state based on the 
exponential of the Chern—Simons form of the unified connection, such a 
state solves all the constraints of the theory with cosmological constant. 
As we will see in chapters 10 and 11, such a state has importance in the 
loop representation, being related to the Jones polynomial. The same 
relationship appears for the unified model. If one considers the inclusion 
of fermions in the unified model, one would have to proceed as in the pre- 
vious section by introducing open paths. However, in the unified model, 
opening the loops implies introducing not only a charge at the level of the 
gravitational Gauss law (spin) but also one for the Maxwell Gauss law 
(electric charge). This means that the most natural form of matter in the 
unified model has an electric charge if it has spin. 


Finally, what happens with the Hamiltonian? The Hamiltonian of 
Einstein—Maxwell can be written in terms of the unified variables but 
its form is slightly cumbersome (it still is polynomial) and differs from 
that of vacuum gravity. There is nothing to prevent us from realizing it 
in the loop representation and studying its solutions, though this issue 
is as yet unexplored. In an interesting development Chakraborty and 
Peldan [150] have noticed that one can write a Hamiltonian in terms of 
the unified variables that looks quite similar to that of vacuum gravity. 
The resulting theory is not Einstein—Maxwell but reduces to it in the weak 
field limit. The loop representation of such a model could appear quite 
naturally and lead to new insights of the unified theory. 
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9.4 Kalb—Ramond fields and surfaces 


Kalb-Ramond fields [171] are antisymmetric second rank tensor gauge 
fields. They found physical application in the field theories that arise as 
low energy limits of string theory [151] and as models of dark cosmological 
matter[152|. We will discuss Abelian Kalb-Ramond fields here because 
they couple very simply to gravity and because their gauge symmetry 
makes them associated with surfaces which are a natural higher dimen- 
sional generalization of loops. They are suited to a geometric quantum 
formulation completely analogous to the loop representation for usual 
gauge symmetries, but based on surfaces instead of loops. These surfaces 
can later be used in quantum gravity to measure properties of the metric, 
as was argued by Smolin [172] and which we will see in section 9.5.1. The 
first analysis of antisymmetric tensor fields in terms of surfaces was dis- 
cussed by Arias, Di Bartolo, Fustero, Gambini and Trias [155]. Although 
non-Abelian antisymmetric tensor fields have been considered [154], it has 
not been possible to give them a geometric formulation. 

Let us start with a brief discussion of the properties of the Abelian 


group of surfaces and then relate it to the loop representation of an 
Abelian Kalb—Ramond field. 


9.4.1 The Abelian group of surfaces 


Consider the set S of closed two-dimensional oriented surfaces in RÌ. For 
each surface s we denote by 5 the reverse-oriented surface. We define the 
following product, 


81° S2 = S1 U $9, 81,52 E S, (9.28) 


which is associative and commutative, but lacks an inverse element. In 
order to define this we introduce, in the same spirit as for loops, the notion 
of a tree. We define as trees all elements of S such that the integral of all 
scalar functions on them is zero. We introduce an equivalence relation in 
S by identifying two elements if their composition is a tree. The quotient 
set is an Abelian group. We denote it by X and its elements by o;. This 
structure is easily generalizable to the set A of surfaces with boundary. 
One can naturally view the group of closed surfaces without boundary 
as the group of deformations of surfaces with boundaries, very much as 
loops can be viewed as deformations of paths. We will not discuss open 
surfaces here, details can be seen in references [155, 172]. We will see that 
from these group structures we can recover all the kinematical content of 
a Kalb—Ramond theory, in the same sense as the group of loops contained 
all kinematical information of usual gauge theories. In order to unravel 
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this connection we proceed as we did for gauge theories, by introducing 
the infinitesimal generators of the group. 

Consider the following two infinitesimal elements in S. The first one 
which we call ĝo(x,ŭ, 0, W) is an infinitesimal three-dimensional paral- 
lelepiped with vertex at the point xz and sides along the three vectors 
ŭ, v, w. The second element which we call 60(27,t,v) is defined by an 
infinitesimal parallelogram similar to the one we used to define the loop 
derivative in chapter 1 attached to a path going from a basepoint to the 
point zx. 

Consider now a representation of the Abelian group that associates to 
each element g; a complex number U(o;), acting on a space of functions 
on the group of surfaces V(o;), 


U(c)V(a') = V(a00’), (9.29) 
U(o1 002) = U (01 )U (02), (9.30) 


and we fix U (co) = 1 with oo the identity element in X. 
To find the infinitesimal generators of the group we assume the repre- 
sentation is differentiable in the sense that the following expansions exist: 


T (olz, ŭ, T, w) o 0o) = (1 + utvtwA(z)ac) t (0), (9.31) 
U(6o(15, ü, 8) o 0) = (1 — uus (r3 )ab) Y (0). (9.32) 


As in the case of loops, we now have differential operators and we 
would like to find relations among them. Exactly like when we proved 
the Bianchi identity for loop derivatives, we start from an identity in the 
space of surfaces, 

ôo (x, U, U, W) = fo (n3, U,V) o do(15, U, W) o olr, U, w) 
oĝo (n? t”, w, T) o fo(n?*”, t, w) o o(nr? t”, v, ù), 


l (9.33) 


simply stating that the parallelepiped can be obtained by joining together 
six parallelograms. Introducing the parallel derivative acting on the path 
dependence of functions, 


(u*Oq)6(m) = Elng") — SlTa), (9.34) 
the geometric identity (9.33) implies 
Aabe(z) = babeh Ta) + ObSca(7G) + cabna )- (9.35) 


This relation is the analogue for surfaces of the identity between the 
connection and the loop derivatives that we proved in chapter 1. As in 
that case, we have an identity that relates path dependent objects with 
path independent ones. If one seeks a description that is path indepen- 
dent, one must associate with each point x a prescription of a fiducial 
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path rž, with which we can identify 6(z) — (r7). Modifications of the 
fiducial path. prescription amount to gauge transformations. 
Representations of the Abelian group of surfaces in U(1) yield as a result 
the kinematical structure of the Kalb—-Ramond fields. The two derivatives 
Aatc and 6g, become the field tensor and antisymmetric tensor potential. 
Let us now discuss the usual formulation of a Kalb—Ramond field to make 
explicit contact with the ideas that we have introduced in this subsection. 


9.4.2 Kalb-—Ramond fields and surface representation 


An Abelian Kalb—Ramond field is a two-form Aab = —Aj,. Its field 
strength is a three-form Fabc = jab. The action for these fields is 
defined in analogy with the Maxwell action, 


SKR = | ay =gFa F, (9.36) 


where indices are raised with a spacetime metric g°? that defines the 
coupling to gravity. The action is invariant under gauge transformations 


Aab — Abn = Agy + Oa Any. (9.37) 


It is easy to introduce a Hamiltonian formulation of the theory. The 
canonical variables are the pull-back to the three-surface of the Kalb- 
Ramond field Aab and its canonically conjugate momentum 7°. The 
theory has a Gauss law constraint associated with the gauge symmetry 


37t = 0, (9.38) 


and the coupling to gravity is achieved by adding the following terms to 
the usual Hamiltonian and diffeomorphism constraints of vacuum general 
relativity: 


Cpe gene Fide: (9.39) 


H = F(E Fabo)? + hii ohetoasd (9.40) 

One can build a quantum representation for the joint Einstein—Kalb-— 
Ramond system coordinatized by loops and surfaces. We start by con- 
structing a non-canonical algebra of quantities associated with the Kalb- 
Ramond field, to supplement the usual T algebra for gravity. To each 
surface we associate the gauge invariant quantity, 


U (0) = exp ( J dS An) , (9.41) 


which is the analogue of the Wilson loop for Kalb-Ramond fields and 
materializes the representation of the group of surfaces we discussed in 
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the previous subsection. This object forms an algebra with the gauge 
invariant quantity 7, 


{U(o), #9} = i f d?S°(y)4(x - y)U(0). (9.42) 


One can construct a representation of this non-canonical algebra in 
terms of functions of the group of surfaces U(c); it is given by 


W (0')U(c) = U(o' 00), (9.43) 
O E J 25 (y)6(x — y)V(o). (9.44) 


A joint representation for gravity and Kalb—Ramond fields can be ob- 
tained by considering states that are functions of loops and surfaces 
W(y,c0). We will see in the next section how to build diffeomorphism 
invariant quantum observables for such a system. Finally, the formalism 
involving open surfaces is useful for representing the coupling of Kalb- 
Ramond fields to matter, in particular to Abelian one-form fields. Details 
can be seen in references [155, 172, 156]. It is a complete analogue of what 
happened with usual gauge theories and coupling to fermions, which was 
achieved through the introduction of open paths on which loops acted as 
deformations. 


9.5 Physical operators and weaves 


In canonical quantization, as we outlined in chapter 3, after finding the 
space of physical states one needs to introduce an inner product under 
which the observables are self-adjoint operators. One can then compute 
expectation values and make measurable physical predictions. 

Several difficulties prevent us from completing these steps for general 
relativity. Although we discussed some possible solutions to the con- 
straints and in the next two chapters we will introduce further ones, one 
is far from knowing at present the space of all solutions to the constraints. 
On the other hand, for general relativity on compact spatial manifolds, 
we do not know at present a single observable in the Dirac sense. As a 
consequence, we are far from knowing a suitable inner product. In spite 
of these drawbacks, one would like to know if the structures that we have 
developed in these chapters have any connection, even at a kinematical 
or formal level, with possible physical ideas. An example of this was the 
argument presented in chapter 7 concerning the value of the determinant 
of the metric operator on the space of loops without intersections. This 
was not an argument based on a Dirac observable and yet it allowed us to 
draw conclusions about the space of states discussed. A further motiva- 
tion for this kind of studies is that by discussing the action of operators 
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in loop space one gains knowledge that may be useful whenever operators 
that commute with the constraints are found. Apart from this, one is, 
in general, interested in making a connection between the quantum de- 
scription of gravity in terms of loops and the classical picture of general 
relativity as a theory of a metric. 

All these considerations lead us to discuss in some detail some operators 
in the space of loop states. These operators will not commute with the 
constraints and therefore are not observables. We will see, however, that 
some of them could be related to observables (or at least commute with 
some of the constraints) if matter sources are introduced. They will allow 
us to give a notion of classical geometry associated with a certain set of 
loop states that play the role of “semi-classical states”. We will see the 
crucial role that diffeomorphism invariance plays in the regularization of 
these operators. 


9.5.1 Measuring the geometry of space in terms of loops 


Consider the metric in terms of the new variables 
xab A i 
q = Be Ét. (9.45) 


It would be easy using the technology introduced in chapters 7 and 8 to 
promote this to an operator in loop space. One can regularize and renor- 
malize the expression but it will depend on the particular details of the 
background metric introduced in order to regularize it. This is a general 
result. One regularizes expressions that involve products of Dirac delta 
functions, as the metric operator does. The renormalization procedure 
always amounts to replacing the product of two delta functions by a sin- 
gle one. The problem is that the Dirac delta function (x — y) is not only 
a distribution but also a density*. Therefore any procedure that converts 
the product of two deltas into one has to supply a factor with appropriate 
density weight. Since there are no natural scalar densities defined in a 
manifold without a metric, one is forced to introduce a density weight 
constructed with an external metric structure. Therefore renormalized 
expressions will always depend on a background metric. 

There is a way out of this general objection that is based on the defini- 
tion of operators that, unlike the metric, are well defined via a regulariza- 
tion procedure but without a renormalization. Let us give an example of 
such an operator, first introduced by Ashtekar, Rovelli and Smolin [167]. 


* In reference [153] this is emphasized by writing it as ô(x, y) since the expression 6(x — y) 
only. makes sense when a background metric is defined. Then 6(z, y) is a density in one of 
its arguments. 
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Consider the classical expression 


Q(w) = J Pary Èe (£) BP (£)wa(z)w(T), (9.46) 


where w is an arbitrary smooth one-form. This quantity associates a real 
number to any one-form and it evidently contains information about the 
spatial metric in the sense that one can reconstruct the spatial metric from 
knowledge of Q(w) Vw. To construct the quantum version of this operator 
we regulate the classical expression, Q(w) = lim,_.9 Qf (w), where 


Qu) = | Bay] [dy f Bafoev) fel, ËL BE ewalaa): 


(9.47) 

We now promote the quantity under the square root to an operator in 

the loop representation. This is accomplished in a straightforward fashion 
using the calculational techniques of the previous chapter. The result is 


za ab 
[ Èu | Patele tele 2)B; WÈ; (2)wa(y)w(2)¥(9) = 
2 | Èy | Bafa, y) fele, 2)wa(y)wo(2) 


x fw" $ dw6(z — v)6(y — w) [2T (y2 o y2) + U(y)]. (9.48) 


Notice that this operator, when acting on a state V(y) with support 
on loops without intersections like the ones we discussed in the previ- 
ous chapter, returns a contribution proportional to ¥(y). Therefore the 
Square root is well defined, as we shall see. If the wavefunction has sup- 
port on loops with intersections, the definition of the square root is more 
involved. It turns out that one can ignore the intersections in the defini- 
tion of the operator. To see this, notice that the argument of the square 
root is a function of x that coincides with its value on loops without inter- 
sections at all zs except at a finite number of z;s, the intersection points. 
Therefore if one assumes that the value of the square root at those points 
is finite, one can ignore their contribution to the integral defining the 
operator Q(w). 

Therefore at points without intersections one can explicitly compute 
the square root that appears in the definition of Q(w). The result is, in 
the limit in which e — 0, 


ve f AO CE (9.49) 


which gives for the operator Q(w), after noting that it is the integral of a 
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positive quantity with support along the loop, 
Q(w)¥(7) = V6 $ |de*wa(z)|¥ (9). (9.50) 
y 


The operator so defined is finite and independent of the background 
structure that was used to define the regulator. No renormalization was 
needed in its definition. 

Let us now define another quantity in the same spirit as the previous 
one, also suggested by Ashtekar, Rovelli and Smolin [167]. This quantity 
is associated with a surface S with normal vector n°. Its infinitesimal 
element of area is given by dA = d?S®/hn“e4. where h = g Nan. From 
here we can give a polynomial expression in terms of the new variables 
for the square of the infinitesimal area element, 


dA(S) = dS* dS égbe€cap ESÉS. (9.51) 


Additional comments on this formula for the area can be seen in refer- 
ence [166]. From the above expression one can compute the area of the 
surface partitioning it into a countable number N of small area elements 


and writing 
N 
A(S) = vim 5 y As pions) (9.52) 
1=1 


where the quantity 
Azoprox() = | PS (a) | PSP U)eatecea T (g) (9:53) 


approximates the infinitesimal element of area in the limit in which S; 
shrinks to a point and therefore the points x and y coincide and ņ (a loop 
contained in S; that passes through x and y) shrinks to a point as well. 
Recall that when the loop 7 shrinks to a point T(J, Ny) > E! (x) E? (2). 


We could have also proceeded as for the A operator and introduced the 
limit in a gauge non-invariant fashion. We do it here in terms of the T? 
for illustration purposes. 

The above expression for AŽ prox(9i) is immediately promoted to a 
quantum operator in the loop representation replacing the T by its cor- 
responding quantum operator, which we introduced in formula (8.13). 
Assuming we act on a wavefunction WV(y) of a loop y without intersec- 
tions on the surface S; the action of T? gives four terms that in the limit 
in which S; shrinks to a point are, after Mandelstam rearrangements, 
identical, 


lim P (ng, ny) YY) = 6X (y) X™ ME). (9.54) 


and in the limit 7 — ı the point x — y. 
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On the other hand, the integral fg, d? S$ (x) €aneX°"(7) gives as a result 
the intersection number of the surface S; and the loop y, I[S;, y], meaning 
that it counts the (oriented) number of times the loop y pierces the surface 
S;. As a result, we can write for the approximate area element in the limit 
in which it shrinks to a point, 


Approx (Si) Y(7) = 611i, 7]? X (7). (9.55) 
We can therefore write as a result the expression for the area operator, 
A(S)¥(7) = V6IT[S, ]¥(y), (9.56) 


where I*[S,] is the unoriented intersection number of the loop y and 
the surface S. That is, the area operator counts the (unoriented) number 
of times the loop pierces the surface S. 

In contrast to the case of the Q operator, one cannot simply ignore 
intersections in the definition of the A operator. If the wavefunction on 
which it acts has support on intersecting loops, it is no longer an eigen- 
state of A? and the square root cannot be taken. Smolin [145] proposed 
an extension of the A(S) operator to the intersecting case using a con- 
structive procedure. This is based on the application of the Mandelstam 
identity to infer the value of A(S) on loops with intersections. Some sim- 
ple examples are given in reference [145] but a complete definition can 
only be introduced through the use of spin network states [146]. 

Rovelli and Smolin{146] have introduced a regularized definition of the 
volume element along the same lines as the operators we have intro- 
duced here. In that case the relevant states on which the operator is 
non-vanishing have intersections with three independent tangents. The 
attractive feature of this is that as a consequence its eigenstates can be 
naturally described by spin networks. Spin networks also seem to simplify 
the definition of A(S) for intersecting loops. Further discussion of the Q 
and A operators can be found in the Les Houches lectures of Ashtekar [3] 
as well as in the previously quoted references. 

In both the Q and A operators we saw that in order to define the 
square roots it was simpler if the states on which they operated had 
support on loops without intersections. As we discussed in chapter 8 it is 
apparently inconsistent with the Mandelstam identities to consider such 
states. Therefore it is useful to introduce the notation of bras, in terms 
of which it is well defined to say that 


Zlob 6p ldx*wa(x)| <a, (9.57) 


< al|A(S) = I*[S,a] < al, (9.58) 


if the loop & is smooth and non-intersecting. 
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A few comments are in order about the above expressions. The integrals 
that appear in the right-hand side of these equations are, prima facie, not 
well defined as functions of loops, in the sense of chapter 1. If one adds a 
tree to the loop y their value changes. In the first integral this is due to 
the absolute value and in the second one it is due to the fact that we are 
considering the unoriented intersection number (which can be arbitrarily 
changed adding trees that pierce the surface). In both cases the problem 
can be traced back to the definition of an operator as the square root of a 
square, which introduces a sign ambiguity. This difficulty can be remedied 
by defining the operators in the following way. Consider the action of the 
operator on a loop y. Then define a curve p obtained by stripping all 
trees from a representative curve of y and compute the integrals in the 
right-hand side of the definitions of the operators using the curve p. The 
result is a function of loops. 

As we mentioned above the definition introduced for A(S) is only valid 
for smooth non-intersecting loops and a more elaborate one is needed for 
intersections. It seemed that the definition of Q was free of these kinds of 
complications since intersections only constituted a set of measure zero in 
the integral on the loop that appeared in the definition of the operator. 
This, however, assumes that intersections only appear at isolated points. 
If one considers loops with lines traversed several times each of them 
would contribute a non-negligible amount to the integral and in those 
cases the operator that appears inside the square root is no longer in an 
eigenstate. It is possible that this complication can be handled in the 
same fashion as for the A operator with the use of spin networks. Loops 
with multiple lines are inevitable in any formulation that preserves the 
Mandelstam identities as we discussed in chapter 8, figure 8.1. 

The idea of considering operators that are naturally densities of order 
one through the introduction of a square root in order to define them 
without renormalization is a general one. It could be applied to any 
operator with those characteristics. An interesting point would be to 
apply this idea to the Hamiltonian constraint as a means to overcome 
the regularization ambiguities and background dependences discussed in 
chapter 8. The Hamiltonian constraint is naturally a density of weight 
two. Its square root is a density of weight one and its integral on the three- 
manifold is likely to be well defined without the introduction of additional 
background structures. The trouble is that the canonical formulation of 
vacuum general relativity requires that the constraint vanish point by 
point and not only as an integral. 

There is a context, however, in which the integral of the square root 
of the Hamiltonian constraint arises naturally. This has been explored 
by Rovelli and Smolin [140]. Suppose one couples general relativity to a 
massless minimally coupled scalar field T(z). In the canonical formulation 
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a new canonical pair arises: T(x) and Pr. The constraints are 


Calz) = C? (x) + Pr(x)0,T (x) = 0, (9.59) 
H (x) = H? (x) + P} + 4E°E?0,T (x)OT (zx) = 0, (9.60) 


where we have used a zero superscript to denote the usual diffeomorphism 
and Hamiltonian constraints of general relativity. 

One can now use the scalar field to keep track of time in this problem 
by considering a foliation of spacetime defined by leaves in which T(z) is 
constant. Such a foliation, in general, only exists locally but the approach 
is to explore the resulting quantum theory as long as such a foliation is 
acceptable. In that case the terms involving gradients of the fields drop 
out from the constraints and one can solve the Hamiltonian constraint for 


Pr classically, 
Pr= f @x/-H(@), (9.61) 


where we have kept the same notation for Pr though it is now a constant 
due to the gauge fixing for the field T. 


We therefore see that the square root of the integral of the Hamiltonian 
appears naturally in this context. One can now construct a quantum 
theory in which states are functions of loops parametrized by the “time” 
T, V(7,T), and satisfying a Schrodinger-like equation, 


i077) = f Pay -fato T), (9.62) 


in which the integral of the square root of the usual Hamiltonian con- 
straint in the loop representation which we discussed in chapter 8 arises 
naturally. Rovelli and Smolin [140] studied this operator and found that 
it can be defined without the introduction of a background metric for 
smooth and intersecting loops without kinks at the intersections or else- 
where. The resulting Hamiltonian for the theory, being background inde- 
pendent, can be purely formulated as a set of topological operations on 
the space of knots. This requires setting a prescription for how one adds 
the infinitesimal loop that arises in the definition of the usual Hamiltonian 
constraint. There is an infinite-fold ambiguity on how to add the infinites- 
imal loop in the space of knots with intersections. Also, the definition of 
the addition of an infinitesimal loop is problematic in the space of knots, 
since the addition of the infinitesimal loop changes the knot character and 
therefore may lead to discontinuities unless one requires special properties 
of the wavefunctions. It is not even clear that there exists, in general, a 
diffeomorphism invariant assignment of a small loop. Moreover, viewing 
the Hamiltonian as the square root of a matrix may be problematic since 
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the basis of knots with intersections is, in general, not a countable basist. 

This approach has recently led to an important amount of activity 
with the introduction of topological Feynman rules for the interaction 
of gravity and matter, when combined with the formulation of fermions 
of Morales-Técotl and Rovelli that we discussed at the beginning of this 
chapter. 


9.5.2 Semui-classical states: the weave 


Usually, in a quantum theory, in order to extract physical information it 
is necessary to make some kind of correspondence with classical physics. 
This is accomplished through a semi-classical limit. This implies picking 
a preferred set of states that “approximate” the classical behavior with 
“small” quantum corrections. Typically what is meant by “approximate” 
and “small” refers to quantum fluctuations, which implies considering 
expectation values of observable quantities. Evidently, we cannot take 
this route here since we do not have an inner product or observables to 
compute such expectation values. 

Ashtekar, Rovelli and Smolin [167] have suggested a different strategy. 
They consider a set of loop states based on collections of loops character- 
ized by a certain (macroscopic) length scale L and a (microscopic) length 
scale l, associated with a classical geometry h. We will consider the oper- 
ators introduced in the previous subsection and study their eigenvalues. 
We will see that if one considers the functions that parametrize the oper- 
ators (Wa and the surface S) as smoothly varying with respect to L there 
is a unique value of the parameter l for which the eigenvalues coincide 
with the classical value of the quantities Q and A as calculated in the 
classical geometry determined by h. 

The states that we will consider are constructed in the following way. 
Given the three-geometry h to which one wants to associate a state, sprin- 
kle in a region of it a randomly distributed number of points N with a 
density n = N/L’, where L is a certain (macroscopic) length scale. At 
each point draw a circle of radius l = (1/n)!/3 with a random orientation. 
This results in a set of curves which we can consider a representative 
element of a multiloop < A|. For the moment we consider multiloops 
without intersections, for simplicity, though the circles involved can be 
linked. One then considers, for instance, the action of the Q(w) operator 
on such a state with w a fixed one-form that is smooth on the scales de- 


t An intuitive way of seeing that it is not countable is to consider quintuple intersections. 
In the extension of the braid group to intersections one needs to consider a two-parameter 
family of new elements with quintuple intersections, parametrized by the angles one of the 
tangents forms with the other three. 
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termined by L and smaller. Applying the results of the previous section 
we get 


N 
< A|Q(w) = VEY $ dy*wal < Al, (9.63) 
ee: 


where a; is the circle located at the ith point. 
Since Wwa is slowly varying the integral at each circle can be computed, 
and averaging over all possible directions, we get 


< AlO(w) = (ven (=) Q(w)[h] +O (=)) < Al (9.64) 
where Q(w)[h] is the value of the quantity Q evaluated for the one-form 
Wa on the classical three-geometry h, which we have assumed to be flat 
for the particular form of the result presented. We therefore see that for 
the eigenvalue of the operator Q to approximate its classical value on the 
three geometry that we want to associate with the state < A| to order L/L 
we need the separation of the loops to be fixed to a value of order unity 
(1? = vör), in natural units. That is, the loops need to be separated by 
a length approximately equal to the Planck length. 

This result is remarkable in the sense that we have derived a natu- 
ral cutoff scale in quantum gravity in order to recover classical physics. 
The a priori feeling would have been that the weave would have approx- 
imated the classical geometry better as the separation of the loops was 
smaller. The detailed calculation shows that this is true until one reaches 
scales of the order of the Planck scale. Then, beyond a certain value, 
the approximation is worse the finer the weave is. The appearance of a 
natural cutoff in a detailed calculation of quantum gravity opens up the 
possibility that the theory could be made finite by its own dynamics and 
shows a significant departure from the usual behavior of quantum field 
theories. It is also remarkable that the Planck length appears naturally 
as the cutoff, especially since the theory is a diffeomorphism invariant one 
and one has the expectation that no scales would be privileged in such 
theories. Natural cutoffs appear in various contexts in quantum gravity. 
For a discussion see the paper by Garay [173]. 

To consider that we have approximated a classical geometry because 
a single quantity — which does not commute with the constraints — 
approximates its classical value is clearly insufficient. One can repeat the 
above construction for the area operator, but it is clear that these kinds 
of calculations are at the moment only indicative of the kind of physics 
one should expect when one is able to perform similar calculations with 
genuine observables of the theory. 

It is possible that this kind of calculation could be performed for gen- 
eral relativity coupled to matter, where one can construct quantities that 
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commute with (at least some of) the constraints. For instance, Smolin 
[172] has considered general relativity coupled to Kalb—Ramond fields in 
a surface formulation similar to the one we discussed in section 9.4.2. In 
that context he can use the surfaces that characterize the Kalb-Ramond 
field to construct with the gravitational variables an operator similar to 
A(S). The difference now is that the surface S is determined by the fields 
of the theory, i.e., it is dynamical. As a consequence the operator defined 
is invariant under diffeomorphisms. A similar construction of diffeomor- 
phism invariant quantities was performed for the Maxwell field by Husain 
[169], and for topological field theories by Rovelli [170]. 

A very important result is that of Iwasaki and Rovelli [168] who have 
carried this analysis one step further. They studied in detail the corre- 
spondence between the theory offered by the weave and its perturbations 
with the quantized theory of gravitational perturbations of a classical 
background (the usual linearized quantum gravity). They found a cor- 
respondence between sectors of the space of states of both theories such 
that now gravitons can be viewed as a particular family of perturbations 
of the weave. 


9.6 2+1 gravity 


General relativity in two spatial and one temporal dimensions offers a 
remarkable laboratory to test ideas of loop quantization. Because in three 
dimensions the Ricci tensor completely determines the Riemann tensor, 
the vacuum Einstein equations in three dimensions, 


Rw = 0, (9.65) 


imply that spacetime is locally flat. The only non-triviality of the Einstein 
theory in three spacetime dimensions comes from the topology of space- 
time. The theory therefore does not have any local degrees of freedom. 
It has a finite number of topological degrees of freedom. Therefore the 
theory is exempt from the difficulties associated with the infinite number 
of degrees of freedom of field theories and yet it shares several features 
with the 3+ 1 theory, foremost among which is the invariance under 
diffeomorphisms. 

The Einstein action in 2 + 1 dimensions is, written in first order form 
[157], 


seis J Breu Fi, (9.66) 


where ea; is a set of triads, AŻ is the spin connection compatible with the 
triad and F¢, is the curvature. The indices 2,7 and k are SO(2,1) indices 
in the tangent space to the three-dimensional spacetime. Notice that this 
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is Just the Palatini action for the theory and all the variables are real. 
The equations of motion resulting from the variation with respect to the 
triad and the connection are 


6 


zA ° Dials) = 0, (9.67) 
ó a 


The first equation tells us that AŻ is the torsion free covariant deriva- 
tive that annihilates the metric constructed with the triad. The second 
equation tells us that the curvature of the connection is zero and therefore 
spacetime is flat. 

One can immediately perform a canonical decomposition of the action. 
The details can be seen in reference [153]. The resulting phase space 
consists of the pull-back of the connection A’, to the two-dimensional 
surface and the canonically conjugate momentum is the pull-back of the 
cotriad E? = čep, where € is the Levi-Civita density on the two- 
dimensional spatial surface. The other variables are Lagrange multipliers 
whose variation enforces the constraints, 


DoE} = 0, (9.69) 
Ft, =0, | (9.70) 


which can be obtained by pulling back to the spatial slice the equations 
of motion. 

The first equation is the usual Gauss law that tells us that the theory is 
invariant under SO(2, 1) triad rotations in the tangent space. The second 
equation contains in a joint form the diffeomorphism and Hamiltonian 
constraint of the 2+ 1 theory. This form of the constraints was first in- 
troduced (in a slightly different way) by Witten [46]. The relationship 
with the usual form of the (3+1)-dimensional Ashtekar constraints can 
be made explicit [158] by contracting the second equation with E? for the 
diffeomorphism and with fij ELE}, where fijk are the structure constants 
of SO(2,1). With these projections the form of the constraints becomes 
exactly the same as those in the 3 + 1 theory (with the exception that 
the spatial indices run from 1 to 2 and the internal indices are SO(2,1)). 
One could choose either form of the constraints to study the theory, but 
it should be made clear that the two forms are inequivalent. The pro- 
jections introduced to obtain the Ashtekar constraints from the Witten 
ones can become degenerate and therefore the former admit many more 
solutions. This inequivalence is far from academic. It can be shown that 
the Ashtekar form of the constraints classically allows configurations with 
an infinite number of degrees of freedom whereas the Witten one does not 
[159]. 
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Counting the degrees of freedom, we have twelve variables in phase 
space and six first class constraints. The system has no local degrees of 
freedom. The constraints are either linear in momenta or independent of 
momenta. The situation is considerably simpler than in the 3 + 1 theory. 
In particular we can find observables for the theory, i.e., quantities that 
commute with all the constraints, something we were unable to do in the 
3+ 1 theory. It is easy to see that the T° and T! quantities constructed 
with the canonical variables have vanishing Poisson brackets with the 
constraints (in the 2+1 literature it is customary to integrate the T! along 
a loop using T? = f dy®egpTr(E°(y)U (y#)), we adopt this nomenclature 
for the rest of this section). These observables are closely related to those 
introduced by Martin [160] in the Witten language. Another difference 
with the 3+1 case was that there the higher order T variables were needed 
to express in a convenient fashion physical quantities of interest, such as 
the Hamiltonian constraint. Here we can write the constraints exclusively 
in terms of the small T algebra. In order to gain an intuitive feeling for the 
meaning of the observables introduced, it is worthwhile mentioning that 
in three-dimensional gravity in the asymptotically flat case the metric of 
a point particle corresponds to a cone. The deficit angle of the cone is 
proportional to the mass of the particle. The T° measures that quantity. 
If the particle is spinning, the Tt measures the rate of spin. 

It may appear surprising that in a diffeomorphism invariant theory the 
T variables are observables. After all, they are not in the 3 + 1 theory. 
The key to this difference lies in the flatness of the connection. For a 
flat connection, a loop and the same loop shifted by a diffeomorphism 
yield the same holonomy. Therefore quantities based on holonomies, in 
spite of their dependence on an external structure — the loop —, can be | 
diffeomorphism invariant. Because the connection is flat, two homotopic 
loops lead to the same holonomy. If the loops are homotopic to the 
identity, the holonomy is the identity. That implies that the only loops 
that yield non-trivial holonomies are those that wrap around topologically 
non-contractible paths. 

We can now proceed to the quantization of the theory following the 
same steps as for the 3+1 theory. Let us start in the connection represen- 
tation. We pick wavefunctionals of the connection Y[A]. The constraints 
are easily promoted in an unambiguous fashion to quantum operators. 
The Gauss law simply requires that we consider wavefunctions that are 
gauge invariant. The constraint Fi UA] = 0 simply requires that the 
wavefunctions have support on flat connections. Together they demand 
that the wavefunctions considered be wavefunctions on the moduli space 
of flat connections. This space can be endowed with a simplectic struc- 
ture, and an inner product that makes the T operators self-adjoint [2]. 

Consider now the loop representation. We can find a representation of 
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the T operators in terms of loops in exactly the same fashion as we did 
for the 3+ 1 theory (the formulae differ slightly since the gauge group 
is SO(2,1) instead of SO(3)). If one wants to make more progress it 
is convenient to pick a particular spatial topology. Let us consider the 
simplest non-trivial example: that in which the spatial manifold has the 
topology of a two-torus. 

There are two possible avenues one could take to construct the loop 
representation. One is to promote the constraint equations to operators 
in loop space and study the space of solutions. The other one is to take 
advantage of the knowledge that the physical states in the connection 
representation have support on the moduli space of flat connections and 
directly build a loop representation for the flat connection. 

If we take the latter approach let us start by characterizing the moduli 
space of flat connections on a torus. In this case any flat connection can 
be characterized by the value aj, a2 of its holonomy along two preferred 
families of loops 7,172, the loops that encircle the two generatrices of the 
torus. As we discussed above, homotopically equivalent loops yield the 
same holonomy when the connection is flat, so the holonomies are really 
functions of the homotopy classes of loops. Since the homotopy group of 
the torus is Abelian, the holonomies along the two different families of 
loops commute. That is, they correspond to SO(2,1) rotations around 
the same axis. Depending on the null, time-like or spatial character of 
this axis in the SO(2,1) manifold one has three distinct sectors of the 
theory. 

Let us discuss in detail the time-like sector. For this case, the two 
non-trivial holonomies can be written, 


U (ap) = exp(2apt’7,), b= 1,2, (9.71) 


where t is the time-like rotation axis in the internal space, a, are the 
rotation parameters and 7; are the SO(2,1) matrices. From here it is 
immediate to compute the value of the T quantities, 


T° (7) = 2 cos(ñ o @), (9.72) 
T! (ñ) = 2sin(ñ o ñ x P, (9.73) 


where ñ = (n1, n2) and nod = nya, + n2a2, N X p= niaz + Na), and p 
are the variables canonically conjugate to the a. 

We now consider a quantum representation of this algebra on a space 
of functions Y (a1,a2). This space can be endowed with an inner product 
such that a and p are self-adjoint operators. The measure is simply given 
by da,daz. The T operators are [157] 


T° (71) V (a1, a2) = 2cos(7i o G) VU (a1, a2), (9.74) 
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T! (7) U (a1, ag) = 2i sin(ñ o a)n x Zulo, a2), (9.75) 


and with the inner product introduced above the Ts become self-adjoint 
operators. 

Let us now build a loop representation from this “connection represen- 
tation”. Recalling the expression for the T° variable, the loop transform 
then reads | 


1 pl 
WV (nj, n2) = | j daydas cos((n1aı + n2a2))¥ (a1, a2), (9.76) 


and we see that it reduces to a familiar Fourier transform. 
Wavefunctions in the loop representation are given by functions of 
two integers nı and ng. The only Mandelstam identity left (because 
of the Abelian nature of the homotopy group of the torus) is given by 
(ni, n2) = V(—n1, —n2). 
In this space of wavefunctions one can particularize the usual expres- 
sions for the action of the T operators, 


T° (n)V(y) = Yy on) + U(yon”'), (9.77) 


1 
FEU) =i Do ef dy*6(a—y)V(yon’), (9.78) 


e=—-1 


to the following expressions for the basic operators associated with nı, 


T° (m)U(n1, n2) = Ọ(ni + 1,n2) + V(n, — 1,n2), (9.79) 
T!(m)¥(n1, no) = ing(V(n; +1,n2) — Y (nı —1,72)), (9.80) 


which are Hermitian in terms of the inner product 


< WU |b >= - W(n1, 22) ®(n1, n2). (9.81) 


n1,2——CO 


The loop transform (9.76) is symmetric in a 1,2. Therefore antisym- 
metric functions are mapped to zero. The transform defines an isomor- 
phism between the space of symmetric functions of a12 and the loop 
representation!. 

Up to now we have considered the case of holonomies that are SO(2, 1) 
rotations around a time-like internal vector. Let us now briefly consider 
the case of space-like rotations. In that case, the holonomy is again given 
by (9.71), which particularized to the space-like sector of SO(2,1) (where 


t As we mentioned in chapter 3, we are disregarding symmetries that are not generated by 
constraints. Peldán [161] discusses the role that large diffeomorphisms play in this sector 
of 2+1 gravity. 
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the 7 matrices are anti-Hermitic) gives 


T° (7i) = 2cosh(7i o @), (9.82) 
T! (7) = 2sinh(7 o a)ii x p. (9.83) 


Notice that the topology of the phase space is different from that in the 
time-like case: |d| is now unbounded. 

From here on one could construct a loop representation in exactly the 
same fashion as in the time-like case. The quantum T algebras are exactly 
the same and the inner product is the same. 

It should be emphasized that the T algebras can be completely real- 
ized in terms of either the space-like or the time sectors of the phase 
space (the null sector has also been considered in detail in references 
[19, 162]). Therefore these sectors correspond to separate — in principle, 
inequivalent — quantum theories. In fact, the theories are quite inequiv- 
alent. As pointed out before, for the time-like case the T° operator was 
bounded as a classical quantity, and being a multiplicative quantum op- 
erator, its eigenvalues are bounded. This is not the case for the space-like 
holonomies. Moreover, it is the space-like sector that is equivalent to the 
ADM quantization [162]. 

This leads to a disquieting picture: both the space-like and the time- 
like cases in the connection representation seem to give rise to the same 
loop representation; however, at the level of connections they are quite 
distinct. How could it be that two inequivalent representations in terms 
of connections give rise to the same loop representation? 

The answer lies in the precise relationship between the connection and 
loop representations. For the time-like case we saw that the loop rep- 
resentation was isomorphic to the symmetric connection representation. 
We will see that for the space-like case it is not. This solves the contra- 
diction. Let us discuss the situation in some detail. The loop transform 
for the spatial case reads 


oO œO 
(n1, n2) = / J daıdaz cosh((n1a1 T n2a2))¥ (a1, a2), (9.84) 
—00 J — 00 


and using the symmetries of the connections in the spatial sector which 
imply (ad) = U(—d), we can reduce it to a two-sided Laplace transform, 


OO OO 
Cone E j f dndaeowar eme Taa Wes) 
—OO v — OO 


The problem is that this would be a usual Laplace transform if the 
parameters nı and nz were real numbers. Being integers, one immediately 
finds that the transform is not an isomorphism. It turns out that it 
has a large non-trivial kernel. To give an intuitive idea of the problem 
it is instructive to construct one of the elements of the kernel of the 
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transform. Simply consider a function f (s1, s2) with s;2 E€ R such that it 
vanishes for sı 2 integer. Such a function is mapped by the inverse Laplace 
transform to a non-trivial element in the connection representation that 
has a vanishing image in the loop representation. 

One may ask if this problem is just a technicality or if it is a serious 
drawback. It turns out that the kernel we found is dense in the space of 
connections [19]. That means that any wavefunction in terms of connec- 
tions can be obtained as a limit of a sequence of elements that are all in 
the kernel. This is a serious problem: the sector of the theory which corre- 
sponds to usual geometrodynamic quantization is not properly described 
by the loop representation we introduced. 

Does this example imply that loop representations are inadequate to 
describe theories based on non-compact gauge groups? At least it should 
be viewed as a warning. It turns out that the problem is not fatal and one 
can deal with it if proper care is exercised. Up to now, two solutions have 
been proposed: the use of a non-trivial measure in the transform and the 
use of extended loops. In a sense, this difficulty can be seen as added 
motivation for the consideration of such ideas in the case of gravity. 

Ashtekar and Loll [163] pointed out that if one introduces a non-trivial 
measure in the space of connections, the resulting loop transform does not 
have a non-trivial kernel. The explicit construction of the measure has 
been found for surfaces of lower genus and it implies a non-trivial change 
in the quantum realization of the T operators. This just corresponds to 
one of the many different choices one has when quantizing a field theory. 
For the case of the torus the non-trivial measure is 


du[A] = exp(—c[T°(m) + T° (n2)]) (9.86) 


where c is a positive constant and 7; and 72 are two fixed loops be- 
longing to independent homotopy classes. The measure depends quite 
non-trivially on the genus and apparently cannot be derived from any 
general principle in the loop representation. One has to know that the 
difficulty arises and then carefully examine the correspondence between 
the loop and the connection representation to construct a measure that 
solves it. This is somewhat discouraging since one does not hope to have 
all that information available in more complicated cases. 

Another solution that has been proposed by Marolf [19] is the use of 
extended loops. From the point of view that is presented in this book, 
this would be a very satisfactory solution since it uses the same general 
principles that are advocated for use in the non-trivial theories. The 
idea has not been analyzed in great detail, but the basic concept is very 
simple: if one considers extended loops, the holonomies of a connection 
in the torus are labeled by two real numbers instead of integers. If one 
writes the extended loop transform in the spatial case it corresponds to 
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(9.85) but with n; 2 real numbers, which defines an isomorphism between 
the spaces. 

Many other issues have been explored in the (2+1)-dimensional theory. 
Our intention here was not to be exhaustive but to show that the program 
in general lines can be carried along in a theory in which one has control 
over the mathematical issues. We encountered expected difficulties that 
can be resolved with ideas that are being applied in more complicated 
cases. For more details see the reviews by Carlip [164] and Ashtekar [165] 
and the papers by Marolf and Louko [19, 162]. 


9.7 Conclusions 


We have discussed several applications of the loop representation of gen- 
eral relativity coupled to matter fields and the definition of physically 
meaningful quantities in terms of loops. We have shown how to define 
regularized operators that could be used through matter couplings to 
give an idealized picture of the measurement process in quantum gravity. 
Evidently there is a long way to go before we can make actual physical 
predictions in quantum gravity. In particular it is expected that cur- 
rently unknown approximation techniques will be crucially needed due to 
the complexity of the Einstein equations. The hope is that the ideas pre- 
sented in this chapter may act as building blocks of such a measurement 
theory. We ended this chapter by discussing a rather disjoint applica- 
tion: general relativity in 2 + 1 dimensions, which plays the important 
role of showing that the ideas being advocated in this book can actually 
be applied to a theory of quantum gravity in a simplified setting. The 
ideas in this chapter were mainly built either at a kinematical level or 
heuristically implemented in the space of smooth non-intersecting loops. 
In the following chapter we will be concerned with the dynamics of quan- 
tum gravity and therefore we will make progress towards finding physical 
states of the theory. Many, though not all, of the ideas of this present 
chapter go through for the intersecting solutions that we will present in 
the next two chapters. Some others will need a revision. We expect that 
in the next few years progress will be made in this direction. 


10 


Knot theory and physical 
states of quantum gravity 


10.1 Introduction 


In the previous two chapters we developed several aspects of the loop 
representation of quantum gravity. One of the main consequences of these 
developments is a radically new description of one of the symmetries of 
the theory: because of diffeomorphism invariance wavefunctions in the 
loop representation must be invariant under deformations of the loops, 
they have to be knot invariants. This statement is much more than a 
semantical note. Knot invariants have been studied by mathematicians 
for a considerable time and recently there has been a surge in interest in 
knot theory. Behind this surge of interest is the discovery of connections 
between knot theory and various areas of physics, among them topological 
field theories. We will see in this chapter that such connections seem to 
play a crucial role in the structure of the space of states of quantum 
gravity in the loop representation. As a consequence we will discover a 
link between quantum gravity and particle physics that was completely 
unexpected and that involves in an explicit way the non-trivial dynamics 
of the Einstein equation. Such a link could be an accident or could be 
the first hint of a complete new sets of relationships between quantum 
gravity, topological field theories and knot theory. 

We will start this chapter with a general introduction to the ideas of 
knot theory. We will then develop the notions of knot polynomials and the 
braid group. In the third section we will discuss the connection between 
knot theory and topological field theories, through the Chern—Simons 
theory. In section 10.4 we will show how to use the previous notions to 
construct states of quantum gravity in the loop representation related to 
the Kauffman and Jones polynomials. In the last section we will present 
a simple explanation for the existence of the Jones polynomial state and 
a discussion on the possibility of generating new solutions. 
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10.2 Knot theory 


The study of invariants of closed curves under smooth deformations is 
quite old. One of the first examples was the introduction by Gauss (1820) 
of the linking number. The linking number is an invariant of two closed 
curves that measures the number of times one of the curves winds around 
the other. This is obviously an invariant since the only way to change that 
number is to cut one of the closed curves and therefore it is not a smooth 
deformation. Although such an invariant may appear quite trivial, we will 
see it plays an important role in topological field theories and quantum 
gravity. In particular, it admits an integral expression, as we discussed in 
chapter 3, 


1 a b (x = y) 
L(y, Y2) = es A dx a dy’ €abe age (10.1) 

Such an expression was considered by Maxwell [174] in connection with 
electromagnetic theory. If one builds a thin solenoid with the shape of 
each loop the above integral measures the magnetic flux produced by 
each solenoid across the other [175] in appropriate units. In particular 
Maxwell gives a good explanation for why that expression gives one or 
zero as result. It measures the solid angle that one of the loops subtends 
from the point of view of the other as one traverses along the latter. 
Therefore the result is either an integer multiple of 4r or 0 depending 
on how the loops are linked. Notice that the expression we give for the 
linking number depends explicitly on a background metric and yet the 
result is diffeomorphism invariant. 

It is evident that there is much more to knot theory than the linking 
number as can be illustrated by the Borromean rings which we show in 
figure 10.1. 

This example illustrates a usual difficulty with trying to distinguish 
knots through the values of a particular knot invariant. Every time one 
introduces an invariant it is able to detect up to a certain degree of knot- 
ting. For each invariant one can construct complicated links or knots such 
that the invariant does not detect the linking. 

The fundamental problem of knot theory is the classification of knots 
and links*. The main question is how to tell apart two knots that are not 
smoothly deformable to each other. 

Historically, there was a surge of interest in knot theory towards the end 


* Usually “knot” refers to a single curve and “link” to many curves. We will loosely use 
them indistinguishably whenever the context allows. We will also use the word “loop” 
in the precise sense introduced in chapter 1 whenever applicable. For instance the Gauss 
linking number is a genuine function of loops. 
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7 


Fig. 10.1. The Borromean rings. An example of loops that have a non-trivial 
linking but zero linking number if taken in pairs. 


of last century due to a failed theory of atoms of James Clerk Maxwell, 
Lord Kelvin and Peter Guthrie Tait [176]. After the discovery of the 
complete theory of electromagnetic phenomena, the outstanding unsolved 
problem in physics was the explanation of atomic spectra. In the proposed 
theory atoms were depicted as knotted lines of aether (this predated spe- 
cial relativity and quantum mechanics). The theory had several attractive 
features, among which it associated the stability of atoms with the topo- 
logical nature of knots. The main lasting impact of it, however, was that 
through its development many of the central issues of modern knot theory 
were brought to the forefront. Among these was the classification of knots 
and their representations. It is remarkable that 100 years later, although 
the physical motivations are quite different, the interest in knot theory 
remains basically the same. 

The typical depiction of a knot is through its projection on a plane, 
as we did when depicting the Borromean rings. This adds an additional 
complication in the sense that a single knot admits a number of different 
projections. Smooth deformations of knots in three-dimensional space 
translate themselves in a series of motions in terms of the projections. 
Such motions are known as Reidemeister moves. There are three types 
of Reidemeister moves, which are depicted in figure 10.2. If two knot 
projections can be mapped into each other through a finite number of 
Reidemeister moves, they are projections of the same knot. 

In the knot theory literature two knots that are connected through a 
finite number of Reidemeister moves are called ambient isotopic. Strictly 
from our point of view, it is this kind of equivalence that we are interested 
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Fig. 10.2. Reidemeister moves. 


in, since it corresponds to the usual diffeomorphism invariance. For sev- 
eral reasons that we will discuss shortly it will be useful to consider quan- 
tities invariant under a slightly different set of transformations leading to 
a notion called regular isotopy. Two knots are called regular isotopic to 
each other if they can be connected through a finite set of Reidemeister 
moves of types (ii) and (iii). Such an idea is important in the following 
context. Suppose instead of dealing with knots made of strings of zero 
width we were considering knots made of ribbons. It is clear that the 
first Reidemeister move does not correspond to a smooth deformation of 
a ribbon, since the elimination of a “curl” can only be attained through 
the introduction of a twist, as shown in figure 10.3. The justification for 
the consideration of regular isotopy in quantum gravity will be related 
to regularization issues. As we have done in previous chapters, in many 
contexts one needs to point-split expressions and in such splitting the re- 
sulting objects resemble ribbons rather than loops. We will give details 
in chapter 11. 

At this point the reader may be wondering what is the connection with 
quantum gravity. To put it in a different way: one knows that the wave- 
functions of quantum gravity are knot invariants. Which of all the possible 
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Fig. 10.3. Reidemeister moves of type (i) do not leave invariant functions of 
ribbons. 


knot invariants are of interest for quantum gravity? At the moment the 
answer is quite open. We will later introduce some invariants that solve 
the Hamiltonian constraint. Previous to that there are three main points 
to be remembered: (a) any knot invariant of interest to quantum grav- 
ity has to be a function of the group of loops rather than a function of 
curves; (b) it should satisfy the Mandelstam identities; (c) it has to be a 
well defined function of intersecting loops. 

Very little needs to be said about points (a) and (b); since one is in- 
terested in a loop representation that is obtained via a loop transform 
from the connection representation only functions of the group of loops 
that satisfy the Mandelstam identities should be allowed. Point (c) stems 
from the discussion in chapter 8. As we saw there, the Mandelstam iden- 
tities related the value of the function on loops with intersections with 
the value on loops without. Therefore for consistency one has to consider 
loops with intersections. Furthermore we saw that non-intersecting loops 
solved the constraints for all values of the cosmological constant: they 
corresponded to degenerate geometries. 

Intersecting knot theory is a quite novel subject. A surge of interest 
has arisen as a consequence of the theory of Vassiliev invariants [188, 
189]. Most of the studies of knot invariants, however, were done for 
non-intersecting, smooth curves. It turns out several ideas can be easily 
generalized. We will do so in section 10.3.4. 


10.3 Knot polynomials 


As we mentioned above, the main problem in knot theory is to classify 
knots. The obvious solution to this problem is to try to generate a large 
number of knot invariants. The hope is that through the computation of 
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their values one could distinguish knots, since knots with different values 
of their invariants are necessarily different. This program is at present 
incomplete. Though we know a large number of knot invariants they are 
not enough to classify knots. An important step towards the generation 
of knot invariants was the construction of certain polynomials associated 
with knots. In this section we will sketch some ideas of the theory of 
knot polynomials. We start with a discussion of the braid group. We 
then construct polynomials and their skein relations. We end with a 
discussion of the extension of these ideas to intersecting loops. There are 
many good references on the subject of knot polynomials and braids and 
we many passages of this chapter are modeled after these ideas. As an 
example we can cite the books by Kauffman [177, 178] and the review 
article by Guadagnini [179] and his book [180]. A more elementary but 
very readable treatment is given in the books by Adams [182] and Baez 
and Muniain [181]. 


10.3.1 The Artin braid group 


A useful way to represent knots and links is through the braid group, 
Bp. Consider a set of n vertical strings starting and ending in two rows 
of n horizontally aligned points. The lines can cross each other an arbi- 
trary number of times, forming a braid. Now arrange the lines in such 
a way that at each horizontal level there is only one crossing at the ith 
strand, which we denote g;. One can describe such a braid by a sequence 
9i9j9k .--- Such an ordered sequence states that if one follows the braid 
from the top to bottom (or vice-versa) one encounters a twist of the strings 
at the ith and (i + 1)th positions followed by a twist of the strings at the 
jth and (j + 1)th positions and so on, as shown in figure 10.4. Each twist 
has two possible orientations, denoted by g; and g; S 

The twists g; form a group structure, called the Artin braid group. For 


n strings Bn has n — 1 generators g,...,9n—1 that satisfy the relations 
Jigj = 959i li- j| > 1, (10.2) 
Jigi+19i = Ji+1Jii+1, t<n-l, (10.3) 


which can be easily checked by drawing n strings and applying the twists. 

The strings involved in the braid group can be thought of as the space- 
time trajectory of particles in 2 + 1 dimensions as they orbit around 
each other. This suggests an immediate connection between the braid 
group and (2+1)-dimensional physics. This connection has been explored 
in several contexts, including particle [190] and solid state physics. In 
particular it is the root of unusual statistics in 2+ 1 dimensions connected 
with the idea of anyons [191, 192, 193]. 
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Fig. 10.4. Graphical representation of g; and gig". 


What is the relation with knots? One simply obtains a knot or a link 
by gluing together the ends of a braid in an order preserving manner 
(this is called a closure of the braid). Conversely, one can associate to 
each knot a braid. Therefore several properties of knots can be coded 
in the language of braids. The first question that arises is: given two 
braids, what are the conditions for their closure to yield the same knot 
or link up to ambient isotopy? For knot diagrams the answer is given 
by the Reidemeister moves. In terms of braids they translate themselves 
into a set of moves called the Markov moves. Reidemeister moves of type 
(iii) are already included in the braid group relation (10.3). Reidemeister 
moves of type (ii) are almost included in the relation (10.2), except for 
the fact that gı £ 929193 1 whereas both gı and g2g1 95 l yield the same 
link under closure. The message is that to implement fully the second 
Reidemeister move in terms of braids, one has to identify elements that 
are conjugate under the adjoint action of the braid group. Two elements 
of the braid group that are conjugate are said to be related by a Markov 
move of type 1. Reidemeister moves of type (i) imply that a link diagram 
associated with the closure of a certain braid b € B, and the closure of 
the braid bg+! € B,41 are equivalent. These two elements are said to be 
related by a Markov move of type 2. 


The advantage of the description of links in terms of braids is that 
one can present several properties of link diagrams in terms of algebraic 
notions. One can define link invariants as functionals of the elements of 
the braid group that are invariant under Markov moves. This implies the 
introduction of representations of the braid group. The closure of braids is 
represented by taking traces of expressions in terms of the group. We will 
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explicitly use this kind of construction to derive expressions for some of the 
knot polynomials of relevance for quantum gravity. Before going into the 
details, we will discuss some general notions related to knot polynomials. 


10.3.2 Skein relations, ambient and regular tsotopies 


A knot (or link) polynomial is an assignment of a finite set of numbers 
to a knot (or link) that is invariant under ambient or regular isotopies. 
Given a knot y one gets a polynomial! P(y)q in an arbitrary variable q 
such that all the coefficients p;(y) of the polynomial are knot invariants. 
An important point is that for each knot the polynomial is of a finite 
order, but the order depends on the particular knot. An intuitive picture 
is that the lower coefficients of the polynomial represent “more naive” 
knot invariants that sense the simpler kinds of knottings whereas the 
higher coefficients are sensitive to more sophisticated kinds of knottings. 
Therefore for a simple kind of knot the lower coefficients of the polynomial 
are non-zero and the higher ones vanish. For more complicated knottings 
the lower coefficients fail to “see” the knottiness and the higher coefficients 
are the ones that sense it up to a certain order where again the knottiness 
is perceived as “trivial” by the more sophisticated higher coefficients. 
Therefore the order of a knot polynomial is finite and depends on the 
particular knot considered. 

Why are these objects interesting? The reason is they are an ordered 
way of assigning an unlimited number of invariants to knots according 
to their complexity. There is therefore the expectation that they could 
constitute a systematic procedure for classifying knots. Moreover, some 
of the polynomials are defined by quite succinct recursion relations called 
the skein relations. The price for all this is high: there are only a handful 
of polynomials explicitly known at present. 

The first polynomial was introduced in the 1920s by Alexander [197]. 
We present here a modification of that polynomial due to Conway [198] 
known as the Alexander-Conway polynomial C'(y)q. It is defined by the 
skein relations, 


C(U), =1, (10.4) 
C(L+)q — C(L_-)qg =a C(Lo)q, (10.5) 


where U is the unknot (a knot isotopic to a circle) and L+, Lo refer to the 
crossings shown in figure 10.5. 


t In general they are Laurent polynomials. Sometimes it is convenient to write them as 
functions of a certain fractionary power of a variable, as we will see. Some polynomials 
may depend on several variables. 
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Fig. 10.5. The crossings L+ and Lo. 


The way in which the skein relations are to be interpreted is the fol- 
lowing. The first one is simply a normalization condition that states that 
the polynomial evaluated for the unknot is 1. To read the second rela- 
tion consider a specific knot and focus on a point where there is a line 
crossing. Excise a ball around the crossing so as to leave four incoming 
strands. The relation (10.5) states that if one evaluates the polynomial 
for the knot where the crossing we excised is replaced by the crossing 
L, and subtracts from it the polynomial evaluated for the same crossing 
replaced by L— one gets as a result q (the polynomial variable) times 
the polynomial evaluated for the crossing replaced by Lo. The resulting 
equation is a relationship between the polynomials associated with three 
different knots. The strategy is to apply the relationship recursively com- 
bined with the Reidemeister moves until one gets a system of equations 
for the coefficients with a unique solution. 

For a particular set of relations it is very difficult to prove that they 
determine the value of the polynomial for all knots unless one generates 
the skein relation in such a way as to guarantee it. The same considera- 
tion is true with respect to the diffeomorphism invariance of the objects 
constructed. The skein relations are relations between projections of the 
knots and it is quite non-trivial that the polynomial they define is inde- 
pendent of the projection. 

Another important polynomial is the one due to Jones [199], J(7)q. 
The skein relations that define it are 


J(U), = 1, (10.6) 

qJ(L+)q— q-*I(L-)q = (9°? — 7 /”) J(Lo)q- (10.7) 

The Jones polynomial is more “selective” than the Alexander-Conway 
one. However, there exist non-isotopic knots that have associated the 
same Jones polynomial, i.e., it fails to provide a classification for knots. 


There are other known polynomials, such as the HOMFLY [200] polyno- 
mial, which are slightly more general and contain Jones and Alexander- 
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Fig. 10.6. Crossings for the skein relations of regular isotopic invariants. 


Conway polynomials as particular cases. However, no polynomial known 
at present is sufficient to distinguish all knots. 

Let us now concentrate on regular isotopy invariants. As we mentioned 
before, these are invariants that are sensitive to the first Reidemeister 
move, i.e., they “see” the additions of curls in the knots. Another way 
to put it is that they are invariants of (oriented) ribbons rather than 
of curves. Knot polynomials that are regular invariants can be defined. 
Their definition requires the introduction of a new set of crossings in their 
skein relations, Êo, as shown in figure 10.6. 

As an example of a regular invariant polynomial let us consider the 
Kauffman bracket, which can be viewed as a regular generalization of the 
Jones polynomial. The skein relations that define it are 


K(U), =1, (10.8) 

q/4K (L4)q — T K(L-)a = (4? — q7"/7)K(Lo)q, (10.9) 
K (L4)q = PK (Êo), (10.10) 

K (L_)g=q */4K (Lo)q. (10.11) 


Regular isotopic invariants of curves can be associated with ambient 
isotopic invariants of oriented ribbons if one gives a prescription to asso- 
ciate a ribbon to each curve. Such prescriptions are called “framings”. 
Technically they correspond to an assignment of a vector to each point of 
the curve, such that one obtains a second curve by infinitesimally shifting 
the original one along the vector. 

We now introduce some concepts that are useful in the discussion of 
regular isotopic invariants. The first of them is the writhe of a knot 
diagram, w(y), defined by 


w(y) = ` e(crossing), (10.12) 
crossings 


where e(L+) = +1. This quantity measures the number of “curls” in the 
diagram. It is clearly not invariant under Reidemeister moves of type (i) 
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Fig. 10.7. A twist can be exchanged by a curl through a Reidemeister (i) move 
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but it is a regular isotopic invariant. 

Another regular invariant, in this case of bands, is the twist. Assume 
one paints the two sides of the band with different colors. The twist 
measures how many times the color changes as seen from the planar pro- 
jection. It can also be defined in terms of an analytic expression, but 
we will not discuss this here [196]. It is evident that if one performs a 
Reidemeister move of type (i) one can exchange a twist in a band by a 
curl, as shown in figure 10.7. 

Using the fact that Reidemeister moves of type (i) exchange curls and 
twists in bands, one can combine the previous two quantities into an 
ambient isotopic invariant of the two curves that form the band. The 
resulting invariant is given by their linking number, which now can be 
viewed as a quantity associated with the knot diagram through a framing 
procedure. To reflect that association it is usually called the “self-linking” 
number of a knot diagram. One can summarize this result in a formula 
called White’s theorem [194], 


SL(y) =T(y) + w(7), (10.13) 


where SL(y) stands for self-linking number of the knot diagram. Explicit 
expressions for all the terms in White’s theorem can be given. For the 
Gauss linking number, apart from the integral formula we have already 
discussed, a definition can be introduced terms of the plane projection of 
two curves. This is given by 


L(q1, y2) = 4 ` e(crossing), (10.14) 


crossings(y1 ,Y2) 


where the summation is only over the crossings of one curve with the 
other. The reader can check that this expression gives the usual result 
for the linking of two curves. White’s theorem has found important ap- 
plications in biology, where one has to count the twists of DNA struc- 
tures through the plane projections one gets when viewing it through a 
microscope [195] and also in Polyakov’s description of the Fermi-Bose 
transmutation in the context of anyons [196]. 

There are many prescriptions for framing. One of them is the “vertical 
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framing”, in which the twist of the ribbon is set to zero, i.e., all twists 
are converted to curls. Due to White’s theorem, in this framing the 
linking number coincides with the writhe. This is also called “blackboard 
framing” [178] since it corresponds to considering the projection of the 
knot and drawing a parallel knot along it. The resulting ribbon has 
no twist. Another common framing is the “standard” or “canonical” 
framing. This is defined by setting the self-linking number to zero. This 
is a “natural” framing in the sense that it does not depend on particular 
projections. 

The value of the self-linking number in different framings differs by 
an integer corresponding to the number of twists introduced in the band 
associated with the loop by the framing procedure. The existence of the 
natural framing may appear as reassuring since it would seem to restore 
diffeomorphism invariance to the discussion. Unfortunately, the natural 
framing only exists in certain manifolds, e.g., S manifolds, since in other 
cases the linking number may be ill defined or be a non-integer number 
[45]. 

The explicit relation between the Kauffman and Jones polynomials is 
given by 


K(y)q = FIO JY), (10.15) 


and we will offer a proof of this in the next section. It is remarkable that 
all the framing dependence of the Kauffman bracket is concentrated in 
the prefactor involving the writhe. 


10.3.3 Knot polynomials from representations of the braid group 


At present a complete classification of the irreducible representations of 
the braid group is not known. Finding representations for the braid group 
is a non-trivial matter. We will present here a construction that yields 
the representation that gives rise to the Jones polynomial. This repre- 
sentation is the simplest one of the family that can be constructed with 
a method called the R matrix approach [201, 202]. 

Assume that a two-dimensional linear space V; is associated with the 
ith string so that the total linear space associated with the n strings is 
given by the tensor product V(n) = Vi 8 V2 ®---V,. In each space V; 
introduce a basis ef, A = 1,2. Each generator is represented by a 2” x 2” 
matrix of the form 


Gi = (18...98 RQ...QTI), (10.16) 


where q is an arbitrary complex number, I is the 2 x 2 identity matrix 
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and the matrix R, which acts on V; ® Vi+1, is given by 


1 0 0 0 
|O tegt g 0 
0 0 0 1 


in the basis of V; ® Vi41 given by {e}e},;,ele?,1, e?el, 1, erer4 jf. 

It is a straightforward calculation to show that the relations defining the 
braid group (10.2),(10.3) are satisfied by the matrices G; and their cor- 
responding inverses. Therefore they define a representation of the braid 
group on the vector space V(n). 

In order to construct knot polynomials starting from a representation of 
the braid group we need to construct quantities that are invariant under 
Markov moves. As we discussed in section 10.3.1 by taking traces of 
the representation one constructs invariants under Reidemeister moves of 
types (ii) and (iii), i.e., regular isotopic invariants. In order to implement 
invariance under type (i) moves we will introduce a matrix in V(n) called 
“enhancement matrix”. This is defined by 


[tli O82 @ tas (10.18) 


—1/2 
_ {4 0 
w= ( i yn) (10.19) 


The enhancement matrix has two main properties. First, it commutes 
with all the generators of the braid group G;. To introduce the second 
property we recall that in a tensor product of spaces one can introduce 
a partial trace operation on one of the factor spaces. For instance, if one 
considers the trace in V;+ı of a tensor product V; ®... @ Vi+ı one gets 
as a result an element of V; 8... Vi. Taking this into account one can 
check that for the enhancement matrix 


Trv; (R mi1) = 9/71, (10.20) 


where 


where the product Ry;4; is defined in the space V; ® Vii; as R times 
1|y, ® Hi+1. A similar result holds for the inverse, 


Trv; (R mi1) = 7/7 IV; . (10.21) 


We can use this property to construct quantities that are invariant un- 
der all Reidemeister moves. Consider a matrix B representing an arbitrary 
element b of the braid group Bn and define the quantity 


F(B) = T #”OTelyn)(Bu"), (10.22) 
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where ô is the link obtained as a closure of the element b and w(6) is its 
writhe. We will now prove that this quantity is a link invariant under 
ambient isotopy associated with the closure b of the braid b. We prove 
this by showing that it is invariant under Markov moves. Since u” com- 
mutes with all the generators of the braid group, it is immediate to show 
that F( Bz 1 Bi Bo) = F(B,). Moreover, if Bı and By are the matrices 
representing the elements bı € Bn and bz = bı 971 € By+1 in the spaces 
V(n) and V(n+ 1) we have 


a 
F (B2) = q 48) Trl yn41)(Bou"*") 
BEN 3 
=q 11) oF 4 Telve: (BGŻ! u" Q ia) 
oe 

= qu MOU Ty y(n) (Biz”) 

= F(Bı) (10.23) 
which can be straightforwardly checked relating the trace operation in 
V(n+1) with that in V(n). The writhes of bı and bz differ by a factor 
+1 since G+! introduces an additional curl in the loop. The extra power 
of q this introduces exactly cancels a factor that arises when relating the 
traces in V(n + 1) and V(n). 

Therefore F is associated with an ambient isotopic invariant. To see 


which invariant it is we compute its skein relations. One can check that 
the matrix G; satisfies the relation 


PAG, — gaz —@? — gq); = 0, (10.24) 
which combined with the definition of the invariant F gives 
| qF (BG) — q F(BG7') = (°? — 7?) F(B), (10.25) 


which is the skein relation for the Jones polynomial. 

Equation (10.24) yields, multiplying by u” and taking traces, the skein 
relation for the Kauffman bracket polynomial. As a consequence we imme- 
diately have that the Kauffman bracket polynomial is a regular isotopy 
invariant and is related to the Jones polynomial by expression (10.15) 
which we introduced in the previous section (they only differ by a fac- 
tor depending on the writhe). This will have important consequences in 
quantum gravity. 


10.3.4  Intersecting knots 


Up to now we have studied the construction of knot polynomials based 
on smooth loops without intersections. As we have argued before, in 
the case of gravity we need to consider knots with intersections, because 
the Mandelstam identities naturally introduce them and because they 
are associated with non-degenerate metrics. There is no fundamental 
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Fig. 10.8. The additional element needed in the braid group to generate invari- 
ants of links with double intersections. 
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Fig. 10.9. The relations satisfied by the intersecting element of the braid group. 


difficulty in adding intersections to the constructions of the braid group 
and the Jones polynomial we introduced. 

The main idea is to extend the braid group with the introduction of 
an additional element that represents the crossing of two strands. The 
resulting structure is not a group but an algebra. If one wants to con- 
sider intersections of more than two lines additional elements need to 
be added. Though technically more complicated, the generalization is 
straightforward (189, 183]. The additional element needed to include dou- 
ble intersections is denoted a; and we depict it in figure 10.8. It satisfies 
the relations 


aigi = Gidi, (10.26) 
9, 941 Gi = Ji+1 Gi Gin (10.27) 

and 
[giaj] =0 [a;,a;] =0 i- jl > 1, (10.28) 


and the graphical representation of equations (10.26),(10.27) is given in 
figure 10.9. 

The element a; has no inverse (one cannot remove intersections) and 
that is the reason why the resulting structure of extending the braid group 
to intersections is not a group but an algebra. 
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A matrix representation including the intersecting elements is given by 
the 2” x 2” matrices [183], 


A=I8..9QAQ.. QI, (10.29) 
where A is given by the matrix acting on Vi ® Vj41: 
1 0 0 0 
_ | 0 a (l—a)q/? 0 
AS ee Ghee Wek ag oe | ey 
0 0 0 1 


where a is another complex parameter. We see that the generalization of 
a polynomial to (double) intersections requires the introduction of a new 
variable in the polynomial. The skein relations for the new matrix are 


A; = q! (1 — a)G7! + al;, (10.31) 


and we see that the extension of a polynomial to intersecting loops pre- 
serves the usual skein relations for the polynomial but requires additional 
skein relations that involve intersections. For the Kauffman bracket poly- 
nomial the additional skein relation derived from the above expression 
is 

K (L1)qa = q4 (1 — a)K (L-)q + aK (Lo)q- (10.32) 


For triple intersections a generalization of the braid group can also be 
given in terms of an algebra. There are three new added elements cor- 
responding to triple intersections since different (unrelated by diffeomor- 
phisms) spatial orientations of the incoming strands are possible. A gen- 
eralization of the HOMFLY polynomial to this case was given by Armand- 
Ugon, Gambini and Mora [183] and it coincides with the construction we 
gave for the doubly intersecting case. The generalized polynomials depend 
on a number of extra variables due to the presence of intersections. 

It should be emphasized that there exist many non-equivalent exten- 
sions of a given polynomial to intersecting knots. General expressions 
taking into account this fact are present in reference [183]. The extension 
that we presented above is a particular one, corresponding to the use of 
R matrix techniques. It is remarkable that this particular extension turns 
out to be connected with the knot polynomials that appear in topological 
field theories, as we will discuss in the next section. 


10.4 Topological field theories and knots 


The previous derivations concerning the Artin braid group and the knot 
polynomials, as attractive as they may appear in their own right, seem to 
have little connection with the rest of this book. Throughout this book 
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we have always considered functions of curves defined through explicit 
analytic expressions. In this chapter dependences on loops have up to 
this point been implicit and the resulting formulation seems ill suited to 
be mixed with the loop calculus developed in chapter 1. The missing link 
is provided in this section. 

Topological field theories are field theories that do not require the intro- 
duction of a background structure (in particular, no background metric) 
for their definition. They are therefore naturally diffeomorphism invari- 
ant. If one formulates these theories in terms of loops, the resulting 
quantities should be knot invariants. This may not appear to be a great 
surprise or advantage: after all the wavefunctions of quantum gravity 
are diffeomorphism invariant as well. There is, however, an important 


_ difference in the case of topological field theories. Most of these theo- 


ries have only a finite number of topological degrees of freedom and as 
a consequence are exactly solvable. As a result they provide concrete 
computable expressions that are invariants of knots. 

This was precisely the insight of Witten [45] who noticed that com- 
puting expectation values of loop dependent quantities in Chern—Simons 
and other topological theories one could come up with explicit, analytic, 
expressions for knot invariants. In the following section we will exploit 
these results to construct explicit quantum states of the gravitational 
field. Here we discuss the connection between Chern—Simons theory and 
the Jones polynomial in some detail. 


10.4.1 Chern-Simons theory and the skein relations of the Jones 
polynomial 


A Chern-Simons theory is a gauge theory in 2 + 1 dimensions where the 
action is given the Chern-Simons form of a connection, 


es = | Ba eT (AgaAc + HAGASAL), (10.33) 


where k is the asad constant of the theory. 

In contrast to the usual Yang-Mills action, the Chern—Simons action 
does not require the introduction of a metric or any other background 
structure for its definition. The Chern—Simons action is invariant under 
diffeomorphisms and (small) gauge transformations [59]. It is not invari- 
ant under large gauge transformations (not connected with the identity). 
Moreover, the integral is crucial in providing the gauge invariance: the 
integrand itself is not invariant. The classical equations of motion of this 
action require that the connection be flat and the theory be gauge invari- 
ant. The Chern-Simons action can be written for an arbitrary compact 
simple gauge group; however, we will restrict our attention to the SU(2) 
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Case. 


We can now proceed and perform a computation similar to the one we 
did for Yang-Mills theory in chapter 5, where we computed the value of 
the Wilson loop average. We recall that the Wilson loop average was 
identified as the generating functional of the Green functions of the the- 
ory. The main difference is that in the present case we will be able to 
perform the computation explicitly. Because the system does not depend 
on any external structure the result for the Wilson loop average will be a 
topological invariant. Notice that we are talking about a Euclidean for- 
mulation and the loops will exist in three dimensions. The expectation 
value of a Wilson loop is given by 


< W(y) >= J DA exp (iScs) Waly). (10.34) 


This quantity is a knot invariant since Scs is invariant under diffeomor- 
phisms and we assume the measure DA has been chosen to be invariant 
as well. Which knot invariant is it? We will show it satisfies the ‘skein 
relations of the Kauffman bracket polynomial. The proof goes along the 
same lines as in the Makeenko—Migdal formulation of gauge theories that 
we introduced in chapter 5. 


In order to check the skein relations satisfied by the expectation value 
of the Wilson loop we will consider its change under the addition of an 
infinitesimal loop. If one considers a straight strand Lo in the notation 
of the previous section and one adds a loop one obtains a crossing Ls 
the plus or minus sign being determined by the orientation of the loop 
added. Similar considerations apply to the other types of crossings; upper 
and under crossings are related through the addition of a loop to an 
intersection. We are well equipped to study the change of expressions 
that are functions of loops under the addition of an infinitesimal loop, 
so we will do the calculation in this limit. If one wants to consider the 
addition of a finite loop, a resummation of all orders of perturbation can 
be formally done, as is discussed in reference [184]. 


The change of the expectation value of a loop under the addition of a 
small loop can be computed simply by evaluating the loop derivative. A 
derivation along these lines was first introduced (for the non-intersecting 
case) by Cotta-Ramusino, Guadagnini, Martellini and Mintchev [185]. 
For the intersecting case it was generalized in reference [137]. Smolin 
[186] introduced a slightly different perturbative derivation. The first 
proof of the skein relation was introduced by Witten [45] using rational 
conformal field theory techniques. 


We now consider the variation of the expectation value of a Wilson 
loop when a small loop of area o° is appended to the loop y. Let us first 
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consider the case without intersections. We get 


oY Aap(x) < W(y) >= i faa a FF (2) Tr(r*U(72)) exp(iScs), 
(10.35) 
where Aa» is the loop derivative and we have used 
Aas(x)Tr(U (y)) = Fo, (x) Tr(r*U (72), (10.36) 


in which y% is a loop with origin at the point z. 
The exponential of the Chern—Simons action has the property that the 
quantum electric field acting on it is equal to the magnetic field, 


S , ó ; k a ; 
E, exp (iScs) = ~ Sak exp (tScs) = 4, Pk exp (tScs) . (10.37) 
Using this relation and integrating by parts, one obtains 
Ain 
-TE [dAdo eqs. | dy’6(x — y) T(t U (Y) TEU (99) expliScs). 


(10.38) 
The integral is proportional to the volume factor 


a% eapedy°6(z — y), (10.39) 


which, depending on the relative orientation of the two-surface ©? and 
the differential dy° (which is tangent to y), can lead to +1 or zero. (This 
expression is only formal, a regularization is needed. We have absorbed 
appropriate divergent factors in the definition of the coupling constant 
in order to normalize the volume to +1, see reference [184] for details.) 
Consequently, depending on the value of the volume, there are three pos- 
sibilities 

6<W(y7) >=), (10.40) 
ot 

k 

These equations can be interpreted diagrammatically in the following way, 


6<W(y)>=F <W(y)>. (10.41) 


F , Sri ‘ 
< W(L+) > — < W (Lo) >= + < W(Lo) >, (10.42) 


and when the volume element vanishes it corresponds to a variation that 
does not change the topology of the crossing. 

We therefore see that, to first order in the area of the added loop, the 
expectation value of a loop in Chern-Simons theory satisfies one of the 
skein relations of the Kauffman bracket polynomial. This is a quite non- 
trivial result that is the root of the renewed interest in knot theory in the 
past decade. 

What about intersections? We introduced in the previous section skein 
relations for knot polynomials with intersections. Is Chern—Simons theory 
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Fig. 10.10. The addition of a small loop at an intersection in the derivation of 
the skein relation 


associated with knot invariants for intersections as well? The answer is 
yes. It is quite remarkable that of the many possible extensions of knot 
invariants to intersecting loops, the one that is most naturally picked by 
Chern-—Simons theory coincides with the one we introduced in the previous 
section. 


In order to derive the skein relation for intersections we consider as 
before an infinitesimal deformation of the loop consisting of the addition 
of a small closed loop, in this case at the point of intersection (see figure 
10.10), 


An 
o®Aa ly) < W(y) >= T J dAo” edab Tr(7*U23 (YY) Ua (Y2)) 


gag? lScs) (10.43) 


Again, integrating by parts and choosing the element of area o% parallel 
to the segment 1-2 so that the contribution of the functional derivative 
corresponding to the action on the segment 1-2 vanishes (since the volume 
element is zero) we get 


oY Aw < W(y) gui =] dAo” Egbe J dvu°6(y — v) 
x saa aed Uai(yz)) exp(tScs). (10.44) 


Making use of the Fierz identity for the usual SU(2) matrices (the 
convention for 7 differs by a factor i/ 2 from the ones considered in 
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chapter 8), 
1 
2 


t 
4 


kA k 


Toro — 0i — 00G, (10.45) 


one finally gets 


a% Aab < W (q) P= 
210 ; 
a at faa osare | dv°d(y — v) Tr(U23(¥q ))Tr(Ua1 (yp) exp(iScs) 


In l 
BE a faa ot cape | dv°6(y — v) Tr(U23 (Yq )U4i (1%)) exp(tScs), (10.46) 


where we have called Uj; (yz?) the holonomy from point x, to z2 traversing 
through lines 7 and j. 

These relations can be interpreted as the following skein relation for 
the intersection: 


< W(Ls) >= (1 + =) < W(L1) > par < W(Lo) >, (10.47) 
< W (L+) >= (1 F =z) < W (Lo) Pa (10.48) 


In order to make a comparison with the link polynomials we must first 
notice that the results we have obtained correspond to a linear approxi- 
mation, since we have only considered an infinitesimal deformation of the 
link. In order to consider a finite deformation we would have to consider 
higher order derivatives of the wavefunction. 

It is convenient to rewrite the relations obtained in such a way that 
the correspondence with those of the Kauffman bracket polynomial in 
the intersecting case is manifest. To do this we notice that the factor 
(1 — 3ri/k) plays the role of q3/4 in the usual skein relation and therefore 
in the linearized case if we define q as q = exp(—4ri/k). Inverting relation 
(10.47) we get 


, 94 
< W(L1) >= (1 + =) < W(L4) > ca <W(Lo)>, (10.49) 

which allows us to recognize that the value of the variable a of the gener- 

alized Kauffman bracket polynomial is up to first order a = —2ri/k. 


The expression relating < W (L4) > and < W(L_) > can be obtained 
in this case by combining equations (10.49). Again we emphasize that 
the above proofs are only to first order in the area of the loop; in order to 
prove the skein relations for the addition of a finite loop one can formally 
sum the perturbative series and confirm for the finite case the result we 
found infinitesimally. A detailed discussion of this is presented in the 
paper by Brtigmann [184]. 
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So we see that the generalized Kauffman bracket, introduced in the 
last section for loops with double self-intersections from the R matrix 
representation of the braid group, is actually the loop transforms of a 
physical non-degenerate quantum state of the gravitational field defined 
by values of q and a that to first order in perturbation theory coincide 
with the ones presented above. 

It should be noticed that in order to recover exactly the expression for 
the polynomials introduced in the previous section we should normalize 
our results in such a way as to ensure that the value of the polynomials for 
the unknot is equal to one. This can easily be accomplished by dividing 
the above expressions by < W(unknot) >. This does not affect the skein 
relations and ensures the normalization condition. 

At this point the reader may be confused. Our promise was to produce 
via Chern—Simons theory explicit expressions for knot invariants. As a 
result of our construction we almost obtained this objective, except for 
the fact that the resulting polynomial is not a genuine knot invariant, 
but rather a regular knot invariant. Why is the resulting expression not 
invariant under Reidemeister moves of type (i)? 

The difficulty already arises if one considers the expectation value of 
a Wilson loop in the case of a U(1) Chern-Simons theory. In that case 
the integral is a Gaussian and the result is the exponential of the self- 
linking number. The self-linking number is a quantity that involves a 
0/0 indeterminacy, which can be removed by considering a limit. The 
problem is that the limit is metric dependent. A way to view this is that 
the limit is a (metric dependent) regularization procedure and the result 
of it is not metric independent. Another way of viewing it is to consider 
a point-splitting regularization of the loop. In that case the final result is 
metric independent (it is the linking number of the split components of 
the loop) but depends on the particular way the loop is split. 

Another difficulty is added in the non-Abelian case. Since the Chern- 
Simons form is not invariant under large gauge transformations and the 
Wilson loop is, the resulting integral is not expected to be invariant under 
large gauge transformations. Therefore, strictly speaking it cannot be a 
function only of a loop. How this problem relates to the framing ambiguity 
is not clear. However, it should be stressed that this problem does not 
arise in the Abelian case (in which all the transformations are small) 
but the framing ambiguity still persists. The fact that the non-Abelian 
Chern—Simons form is not invariant under large gauge transformations 
poses difficulties to doing computation in the non-Abelian case using the 
rigorous integration techniques of Ashtekar and collaborators [203]. 

The framing ambiguity issue completely disappears in the extended 
loop representation, since the extended holonomy is not invariant under 
large gauge transformations. This issue lies at the crux of the problem of 
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how much is it needed to extend the group of loops to account for these 
kinds of issues. Is the extension to framed loops enough, as the Chern- 
Simons integral seems to suggest or does one really need to consider the 
full extended group of loops? These issues are at present not settled. 


10.4.2 Perturbative calculation and explicit expressions for the 
coefficients 


The original intention in connecting knot theory and topological field 
theories was that in this way one would obtain explicit expressions for 
knot invariants. Through the calculations of the last section we now 
know that there is an explicit connection between the expectation value 
of the Wilson loop in a Chern—Simons theory and the Kauffman bracket. 
Because Chern—Simons theories are perturbatively renormalizable, one 
can compute an explicit expression for the expectation value of the Wilson 
loop in terms of Feynman diagrams. Such an expression we know is equal 
to the Kauffman bracket. This equality will allow us to give explicit 
expressions for each of the coefficients of the Kauffman bracket. 

We therefore consider the expression of the expectation value of the 
Wilson loop in a Chern—Simons theory, 


<W(7) >= | DAexp(iScs)Waly), (10.50) 


and expand it in powers of the coupling constant k. In order to do this, 
we write the Wilson loop explicitly, 
OO 
Waly) = Dy A AE (y)Tr(Ag zı t Aa, zi)» (10.51) 
1=0 
and get as the result, 


< W (q) >= S xa T1 i i (y) < Tr(a zi tt Aaz) >. (10.52) 
1=0 


Therefore by evaluating the n-point functions < Tr(Ag, z; °+: Áa; z;) > 
perturbatively we can get the expression we were seeking. In order to 
perform the perturbative expansion one needs to introduce a background 
metric in order to fix the gauge?. 

The expression for the propagator is finally given by [187] 


i site yg STYE + OUK), (10.53) 


< Ai (2) Ag(y) >= zyj 


ok 


t It can be seen that the background metric enters into the gauge fixed action as a commu- 
tator of an arbitrary gauge fixing function with the BRST charge and therefore drops out 
from expressions involving physical states since the BRST charge annihilates such states. 
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Fig. 10.11. The diagrammatic expansion of the expectation value of the Wilson 
loop. The circles with insertions correspond to the multitangents of order equal 
to the number of insertions. The wavy lines are the Chern—Simons propagators, 
which may be joined in triple vertices. The constant A = 371/k is related in the 
gravitational case to the cosmological constant 


where O(1/k*) may be vanishing but has not been carefully studied. We 
will not need explicit expressions at that order for our calculations. From 
it we define the quantity 


Jaz by = lon < Ay (x) Ag(y) >, (10.54) 


which we have already encountered in chapter 2 as the coordinate ex- 
pression of the naturally defined metric in the space of transverse vector 
densities. 
The vertex for the theory is given by 
tk ab 
Re Eijk» (10.55) 


which contracted with three propagators gives rise to the quantity, 
4r 3 def 2 
Tk har by cz = fa War dw9by ew9cz fw€ ~ + O(1/k ). (10.56) 
We can now proceed to write perturbatively an expansion for the poly- 
nomial (shown diagrammatically in figure 10.11), 


| À m 
We(7) = ao(7) +a) E - al) y — a3(7) =p + O(1/K4), (10.57) 
where 
ao(y) = 2, (10.58) 
ay (y) =X gas bys (10.59) 
a2(y) = $a1(7)* — 3A2(7), (10.60) 
az(y) = £a1(7)° + 2a1(y)Ao(7) + A3(7), (10.61) 
and 


Az (y) = Naz by aad oyez + Jaz cz9by aoe oyez eu (10.62) 
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As(7) = -2 (Cpi nui = horad biaish) AARRE 
ap J(u u3 h psnaus)e AE 


+ (29u u4Iuzus Iuzne + SOil Tinu) Pad ’ 


(10.63) 


where as usual greek indices correspond to a pair of spatial index and a 
point in the manifold. Actually, if y were a multiloop, ao(7) would be 
two raised to the number of connected components of the loop. a;(y) is 
the self-linking number of the loop that we have already discussed. A2(7) 
is an ambient isotopic invariant associated with the second coefficient of 
the Alexander—Conway knot polynomial (the precise expression is given 
by (42 + 35)) and is also related to the classical Arf and Casson knot 
invariants. This explicit expression was first obtained by Guadagnini, 
Martellini and Mintchev [205]. The third contribution has been obtained 
by Di Bartolo and Griego [47]. Central to finding the explicit form of 
the third order contribution has been the clear identification of the rela- 
tions satisfied by the loop multitangents (algebraic constraints) which we 
discussed in chapter 2. 

One could continue giving explicit expressions for higher order coeffi- 
cients. However, one would need refined expressions for the propagators 
which consider the higher order contributions of ghosts in the diagram- 
matic expansion. 

To summarize, we see that the use of the diagrammatic expansions 
allows us to construct explicit analytic expressions for the coefficients of 
the knot polynomials. These expressions provide the completion of the 
ideas we introduced in chapter 2 in which we suggested that the use of 
the loop coordinates was good for discussing knot invariants. At that 
point we were not able to construct the invariants explicitly due to the 
lack of a natural metric in the space of multitangents (the only natural 
structure was the kernel used to construct the linking number). We see 
that through the use of Chern—Simons theory we can construct quantities 
that contracted with the multitangents yield the knot invariants that we 
were intending to construct. We will see in the next section how to make 
use of these invariants to construct physical states of quantum gravity. 

Let us end this section with a discussion of framing in the context of the 
perturbative expansions. In the previous section we showed that the ex- 
pectation value of the Wilson loop gave rise to the Kauffman bracket. We 
also saw that the Kauffman bracket was related to the Jones polynomial 
through a framing dependent prefactor that condensed all the framing 
dependence of the Kauffman bracket. The prefactor was equal to the 
exponential of the writhe. Recall that in the vertical framing the writhe 
coincides with the self-linking number. In the perturbative context, we see 
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that the self-linking number arises in all the coefficients of the expansion 
of the Kauffman bracket. From the few coefficients we have computed we 
can get a glimpse of how the different contributions precisely combine to 
give the prefactor we found in the previous subsection. Explicitly, if one 
writes 


K(y)q= oo Ja 


1 97 1 277° 
se A T aly) — 2 k2 -zu (y) — sgr aly)” +...) 


x (1+ ROEE + BEEP +...) (10.64) 


where we have expanded the exponential of the self-linking number in 
powers of k and we have introduced an infinite expansion of the Jones 
polynomial (this corresponds to considering q = exp(47i/k) as the vari- 
able in the polynomial and writing it as a Laurent expansion in powers of 
k). We have used the fact that the first coefficient of the Jones polynomial 
vanishes [177]. From this expression, and comparing with the explicit ex- 
pansions we introduced before, we see that J2(y), the second coefficient 
of the infinite expansion of the Jones polynomial, is proportional to the 
Ao(y) invariant we introduced before. We also see that the presence of 
the terms involving the self-linking number in all the coefficients of the 
expansion just corresponds to the expansion of the prefactor introduced 
in the last subsection. 

Notice that we get an expression for the coefficients of the polynomial in 
a particular framing (vertical). This is quite reasonable, the polynomials 
are defined in a framing independent manner by the skein relations but 
if one wants a concrete analytic expression for their coefficients one has 
to give it in a definite framing. The particular framing that appears 
is determined by the details of the regularization procedure (recall that 
when we computed the skein relations for the expectation value of the 
Wilson loop we absorbed divergent factors; the correspondence between 
that regularization and the one chosen for the perturbative expansion 
determines the particular framing). 

It is not obvious to see explicitly from the expressions we introduced for 
Ao(y) that it is an ambient isotopic quantity, as it should be if it is to rep- 
resent the second coefficient of the Jones polynomial. The issue has been 
discussed (for the non-intersecting case) by Guadagnini, Martellini and 
Mintchev [205] and they reach the conclusion that the second coefficient 
is framing independent. Similar reasonings apply to the third coefficient, 
though the issue has not been studied in detail. 

Do these analytic expressions apply for intersecting loops? Almost all 
of the expressions are ill defined if the loop has intersections. In order 
for them to be valid one has to add a prescription (for instance, a point- 
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splitting regularization) at the intersections. The analytic expressions 
coincide with the coefficients of the extension of the polynomials to the 
intersecting case which we introduced through the extension of the braid 
group for some particular prescription for regularization at the intersec- 
tions. This has only been analyzed for some simple cases and the issue 
deserves further study. 


10.5 States of quantum gravity in terms of knot polynomials 


We are now prepared to apply the notions of knot theory derived in the 
previous sections to the construction of quantum states of the gravita- 
tional field. 


10.5.1 The Kauffman bracket as a solution of the constraints with 
cosmological constant 


As we noticed in chapter 8, in the factor ordering in which triads appear 
to the left there exists a solution to all the constraints of quantum grav- 
ity with a cosmological constant given by the exponential of the Chern- 
Simons form of the Ashtekar connection, 


6 
Vos{Al] = exp (-+ / Bare Tr( Ap Ac T Z AaApAo)) . (10.65) 
If one considers the loop transform of such a state one gets, 


Yos(y) = / DAW4(7)YoslA] = J DAWa(-y) exp (-ZScslAl) 


(10.66) 
where with the conventions for the gravitational case 


eee / PLET AaðpAe + 2AgApAc). (10.67) 


But this expression is precisely the same as the one we encountered 
when computing < W (y) > in the context of a Chern—Simons theory. 
The cosmological constant plays the role of the coupling constant k of the 
theory. We therefore know what the result is, it is given by the Kauffman 
bracket knot polynomial in the variable A. Therefore the implication 
is that the Kauffman bracket solves in the loop representation all the 
constraints of quantum gravity with a cosmological constant. 

This suggestion appears as very striking and beautiful, since it allows 
us instantly to apply in quantum gravity elaborate results from Chern- 
Simons theory. Before becoming too enthusiastic about this result, we 
should point out several things that make the proof of the above state- 
ment far from solid. First of all, recall that in the Ashtekar formulation 
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of quantum gravity the variables involved are complex. In Chern—Simons 
theory the connection is real. Therefore the analogy of the expressions 
presented is only formal. For instance, the expression of the propagator of 
the theory diverges if the connection is complex. There is no result sup- 
porting the existence of the path integral defining the expectation value 
of the Wilson loop if the connection is complex. The only expectation 
one can have is that whenever there is a well defined understanding of 
the complex loop transform, the final calculation will reduce to an ana- 
lytic continuation of the real result of Chern—Simons theory. If that were 
the case, we would be justified in using the analogy. Another problem is 
that the state produced in the loop representation is not a genuine dif- 
feomorphism invariant state, since a framing is required for its definition. 
At present, due to these difficulties, the results we present can only be 
taken as purely heuristic in terms of loops. The present attitude towards 
these problems is that loops may be insufficient to characterize all possible 
states in the quantum theory. The presence of a framing suggests that a 
formulation in terms of ribbons or thickened loops could be better suited 
to the treatment of these issues. At present, however, the only explored 
context in which they can be given some level of consistency is in terms 
of extended loops, where all quantities are regularized and the framing 
ambiguities disappear. We will devote the next chapter to the study of 
the extended representation and we will find that all the heuristic results 
that we introduced in this chapter will be mirrored — in a regularized 
context — in terms of extended loops. 

Why should one pursue this avenue at all? Why not simply admit that 
the transform of the Chern—Simons state is ill defined and forget it as 
a means of constructing states in quantum gravity? The answer will be 
given by the next sections. We will see that in spite of the difficulties of 
putting these results in a rigorous setting a quite non-trivial number of 
consistent results can be achieved. In particular we will see that the action 
of the constraints we found in the loop representation on the transform of 
the Chern—Simons state yield a series of remarkable results that confirm 
that there is a certain amount of truth behind the formal manipulations 
we perform. 


10.5.2 The Jones polynomial and a state with A = 0 


One may have an unsatisfactory feeling about the result introduced in the 
last section. After all it depended on an arguably vague analogy of the 
loop transform of the Chern—Simons state and the expectation value of 
the Wilson loop in a Chern-Simons theory. However, given the develop- 
ments of chapter 8 we are in a good position to check that the Kauffman 
bracket is a state of quantum gravity directly in the loop representation. 
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We have explicit expressions of the polynomial and of the constraints in 
terms of loops and it is a matter of applying the constraints and check- 
ing that the result holds. This will not be a rigorous proof either since 
the expression for the constraints in the loop representation was obtained 
through formal manipulations of either the loop transform or the elements 
of the T algebra. It is, however, quite reassuring that all these formal ma- 
nipulations yield the same results. Moreover, we will find a remarkable 
surprise while doing this computational check: we will discover that some 
of the coefficients of the Jones polynomial must be annihilated by the 
Hamiltonian constraint of general relativity with A = 0. 

The calculation will proceed order by order in the cosmological con- 
stant, 


HyK(y)a = (Ho + Adetq)K(7)a. (10.68) 


The above expression is a polynomial in A. If it is to vanish, it has to do 
so order by order in A. To compute the different orders we substitute the 
expansion for the Kauffman bracket of the previous section. The result is 


Order A®: 


Ho 2(y) = 0, (10.69) 

Order At: 
1 Ho aı(y) + detq 2(y) = 0, (10.70) 

Order A?: 
Ho (a1 (7)? — 4 A2(7)) + detqai(y) = 0 (10.71) 


and so on for higher orders. To obtain these formulae in the conven- 
tions we are using for gravity one should replace ik/4r by —6/A in the 
expressions derived in section 10.4.2. 

Notice that we have written 2(7) for the number 2 that appears as 
leading order of the perturbative expansion of the Wilson loop. This is 
to emphasize that this constant is to be viewed as a constant function in 
loop space. What we mean by this is that operators like the determinant 
of the metric, which is a multiplicative operator in loop space will have a 
non-trivial action on it. 

Let us summarize the results we will find. We will mainly prove two 
things: 

(a) One can check by straightforward calculation that the contributions 
to the three orders in A that we listed all vanish. 

(b) We will see that in the contribution to order A*, the quantity 


Hp Aaly) (10.72) 
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vanishes independently and therefore the second coefficient of the ex- 
pansion of the Jones polynomial is annihilated by the Wheeler—-DeWitt 
equation for vacuum general relativity with cosmological constant equal 
to zero. 

This last fact is one of the most remarkable results that arise from the 
loop representation. We find a new non-trivial, non-degenerate state of 
quantum gravity which we only know in terms of loops. We do not at 
present know its expression in terms of connections. We will see that its 
annihilation is the product of a very elaborate cancellation of terms. It 
may therefore be the manifestation of a very deep relationship between 
knot theory and the dynamics of quantum gravity of which we are un- 
aware. There was no a priori reason to expect this coefficient to be a 
state and there is no simple explanation of why it is so. We will attempt 
an explanation in the next section. 

Let us now proceed to show these results explicitly. We start with the 
order A°. In that case we have the action of the Hamiltonian constraint 
with vanishing cosmological constant on the constant function in loop 
space 2(y). The Hamiltonian constraint trivially annihilates this function 
since the loop derivative involved in its definition does, due to the fact 
that it is a constant function. Notice that the determinant of the metric 
does not annihilate this function. We have found the first solution ever of 
all the constraints of quantum gravity that is only a solution for A = 0 and 
therefore can be interpreted as associated with a non-degenerate metric. 
The function is just a constant in loop space. We do not know its form 
in the connection representation, though we can intuitively picture it as 
a “delta function” in connection space, requiring the connection to be 
flat. This would automatically be annihilated by the constraints in the 
connection representation if one ignores regularization issues. 

In order to check that the other orders cancel we need to digress and 
consider in some detail the action of the constraints introduced in chapter 
8. Let us start with the expression of the Hamiltonian constraint of the 
vacuum theory. As we saw, such an expression acts non-trivially only on 
the intersections of loops. We have no problem considering intersections 
in the expressions for the coefficients introduced in the previous section, 
since we have generalized the polynomials appropriately to the case of 
intersecting knots. In order to simplify the treatment we will consider the 
explicit action of the constraints for the case of a triple self-intersecting 
knot. We saw in chapter 8 that this is the minimal number of intersections 
one needs in order to produce states of quantum gravity that are not 
annihilated by the constraints for an arbitrary value of the cosmological 
constant. This is due to the fact that the definition of the determinant of 
the metric requires a loop with a triple tangent vector at (at least) one 
point in order to be non-vanishing. 
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The expressions for the constraints we introduced in chapter 8 are com- 
pletely general, we only need to particularize them to the case of interest. 
As we have argued before it is, in general, incorrect to introduce limita- 
tions in the space of loops to consider states with loops with a certain 
number of intersections. This is not what we are doing here. We are just 
exhibiting the triple self-intersecting calculation for the sake of clarity but 
the calculation for an intersection of arbitrary order is done in exactly the 
same way, only additional terms arise. In particular, we will consider the 
calculation in the next chapter in terms of the extended representation 
(which includes all kinds of intersections, even non-isolated ones) and the 
result is the same. 

Let us now consider the expression for the Hamiltonian constraint in- 
troduced in chapter 8, 


H(x)U(y) =2 A dy? f dzl6(x — y)ê(z — z)Aa (72) U (Y 0 ¥Ž0). (10.73) 


We consider a state that is a function of a loop with a triple self- 
intersection y = 71 ° %2 ° %3, where y; are the petals forming the loop 
joined at the intersection point. The above expression particularizes to 


Ho(x) U(y1 0 y2 0-73) = 2X" (71) X" (yo) Aas (737) U (71 © 73 © 72) 
42K °F (y1) X" (73) Nao (737) U (V1 © V2 0 73) 


+2X* (y2) X" (73) Aal (Y3 © 11)5)U (72 0 71 © 73)}, (10.74) 

where 7; = Y; L 
The above particularization is obtained as follows. First notice that 
the action of the constraint is only non-trivial at the intersection point, 
which we label z. The point x arises several times when one traverses the 
loop from beginning to end and there are three different tangent vectors 
at it (we assume the loop has no kinks at the intersection, i.e., all lines go 
“straight through”, as we discussed in chapter 8). The three non-trivial 
contributions arise when the loop derivative is contracted with the tangent 
vectors 1,2, 1,3 and 2,3. Each of these possibilities arises twice but it 
is easy to see that their contributions are the same as the ones we list 
here so we account for them by an overall factor of 2. We therefore start 
traversing the loop with the two integrals that appear in the constraint 
and compute the non-trivial contributions. The origin of the loop can be 
taken at an arbitrary point, which we fix at some point of the loop %3. 
The first contribution appears when the integral in y has traversed from 
the origin to the point z along y3 and therefore is at the origin of the 
loop 771, and the integral in z has traversed the first petal of the loop, 71, 
completely and is at the beginning of the loop y2. The contribution then 
has a multitangent corresponding to the origin of y1, one corresponding 
to the origin of y2 and the argument of the loop derivative is the portion 
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of the loop 73 going from the origin to the intersection point. The second 
contribution is analogous to the first one but the integral in z has moved to 
the beginning of the third loop, 73. The last contribution has the integral 
in y moved to the beginning of the loop y2. The integral in z can only 
give a non-trivial contribution when reaching the beginning of y3 (we have 
already counted the possibility that it could be in y1). Since the variable in 
y is now at the beginning of y2 (or the end of y1) we denote so in the path 
dependence of the loop derivative. Since we are taking care explicitly 
of the ordering along the loop of the integrals, we denote the tangent 
vectors of the loops (and the associated distributions) simply through the 
first order multitangents evaluated at the corresponding loops. 

We did not present in chapter 8 an explicit expression for the determi- 
nant of the metric, but it can be computed straightforwardly using the 
same techniques used for the Hamiltonian. The result is [206] 


detqW (y) = —4eabeX* (y1) X" (ya) X (73) 
x (UW (17372) + Y(yo7173) + U(yeva%1)). (10.75) 


Both the expression for the Hamiltonian and the determinant of the 
metric are cyclic expressions in terms of the three petals of the loop, in 
spite of the fact that their immediate appearance is that they are not. 

Let us now consider the expression to order A!. First let us concentrate 
on the action of the determinant of the metric on 1(y). As we argued, it is 
non-vanishing and immediately we can see it is equal to €gpcy2737§ 1(7). 

To compute the action of the Hamiltonian constraint on a;(y) we con- 
sider the explicit form of the wavefunction, the linking number, for a triple 
self-intersection. This is given by 


ar(1 © Y2 © Y3) = Juv X" (11 © Y2 0 ¥3)X" (11 © Y2 ° V3) 
= guv( X" (1) + X" (y2) + X” (13) (X (11) + X” (%2) + X” (73)), 
(10.76) 


and as usual greek indices refer to a pair of spatial index and spatial point 
Hı = Q1 T1. 

We now recall the techniques that we used in the calculation in chapter 
4 of the action of the Hamiltonian of Maxwell theory on the vacuum state. 
The loop derivative acts on each first order multitangent producing the 
derivative of a delta function. Explicitly, 


Aal Yo) X” (1) = fba óT — y). (10.77) 


Care should be exercised when one considers the particularization of this 
expression for the petals of the loop. For instance, Aab(y32)® (y1) is non- 
vanishing for the loop considered since the deformation introduced by the 
loop derivative acts at the beginning of the petal yı. As a consequence 
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Aa (732) UY (72,3) = 0, and similarly for the other petals. 
We can therefore write the action of the loop derivative in the first term 
of the Hamiltonian, 


Aab(Y30) 41(71 © 73 © 72) = 
Aab V30) lgm n (X (71) — X" (Yo) — X" (73)) 
x (XM? (q1) — X (yo) — X (73))] = 
2575 a] (x — £1) Gay zı pX"? (11 © V2 0 73), (10.78) 


where we have used X” (y) = —X"(¥) (as discussed in chapter 2). 

We can now integrate by parts the derivative of the delta function. In 
order to do this, it is useful to introduce the following relation, which can 
be directly obtained from the definition of the propagator g: 


Daba cy ` (x Ta Y)Eabe — Jar bye (10.79) 


which together with the transverse character of the first order multitan- 
gents implies 


2575 O76 (x = £1)Ga,21 payee a (yı o Y2 0 73) = 
—2Eazba Ó (T — £2) X? (yı o Yo o 73). (10.80) 


Similar contributions are obtained from the other terms in the Hamil- 
tonian, which combined with the multitangents that multiply the loop 
derivative yield 


Ho(x)a1 (71 © Y2 0 Y3) = 24€abeX 2 (11) X (yo) X (93). (10.81) 


This expression exactly cancels out the contribution from the determi- 
nant of the metric on 2(y), which implies that the contribution to order 
A! vanishes. 

We now consider the A? contribution. The determinant of the metric 
on the linking number produces a contribution of five first order multitan- 
gents contracted with an €abc and a propagator of Chern—Simons theory. 
If one considers the action of the Hamiltonian on the linking number 
squared the loop derivative acts on the linking number and produces €abc 
contracted with three multitangents, as in the contribution of order A£}, 
times a linking number. The two contributions cancel each other and the 
A? contribution vanishes if and only if 


Hy A2(7) = 0. (10.82) 


This calculation can be checked explicitly in exactly the same way as 
the others. The whole calculation is just more tedious since the different 
reroutings affect A2() in a less trivial fashion and the loop derivative 
acts in various points. There also appear loop derivatives of higher order 
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multitangents, which we presented in chapter 2. Many terms are gener- 
ated by the action of the Hamiltonian, involving multitangents of order 
three, four and five. In the end they all cancel [209]. We will present an 
explicit proof of this in the next chapter since in terms of the extended 
loop coordinates the resulting expressions are more concise. 

The remarkable fact is that in order for the expression of order A? to 
vanish we see that A2(7), which was the second coefficient of the infinite 
expansion of the Jones polynomial, has to be annihilated by the Hamilto- 
nian constraint with vanishing cosmological constant. It can easily be seen 
that it is not annihilated by the determinant of the metric and therefore is 
the second solution we find to all the constraints of quantum gravity that 
is non-degenerate in the sense that we discussed in chapter 8. It is the 
first non-trivial one, in the sense that the previous one we found was just 
a constant. It is quite remarkable that this highly non-trivial expression 
is annihilated by the Wheeler-DeWitt equation in loop space. 

If one continues this analysis to higher order one checks that at third 
order the contribution also vanishes, but the “miracle” that happens at 
the second order is not repeated: the different contributions cancel among 
themselves but one cannot identify any portion that is annihilated alone 
by the vacuum Hamiltonian constraint. The reason why something “spe- 
cial” happens at order two will be discussed in the next section. It is pos- 
sible that it repeats at higher orders, but this has not yet been checked. 
An important point to be stressed is that any candidate to solution of the 
Hamiltonian constraint should also be compatible with the Mandelstam 
identities. This happens to second order, it does not happen at third and 
is yet to be investigated at higher orders. 

We will see in the section 10.5.3 why the second order coefficient seems 
to play a special role and we will see that it is related to the role that the 
Gauss linking number plays in the theory. 

It is interesting to notice that the above calculations have been per- 
formed for a loop with a triple self-intersection but they actually work 
for any loop. In particular for loops with double self-intersections, one 
can check the calculations very rapidly: any expression involving €abe con- 
tracted with three tangents automatically vanishes, and therefore all the 
terms that canceled among themselves in the above proof vanish indepen- 
dently. 

We have therefore checked perturbatively that the Kauffman bracket is 
a solution of the constraints of quantum gravity with cosmological con- 
stant, as the conjunction of the loop transform and the Witten argument 
had suggested. The verification has been order by order for only the first 
four orders, but we see that even at that level several non-trivial cancel- 
lations had to occur. Remarkably, we found as a by-product a completely 
new solution to the vacuum constraints that we did not know a priori 
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and which at present we cannot connect with any known expression in 
terms of connections. We can therefore see the power of working in the 
loop representations from the point of view of generating solutions of the 
constraints. 

The new solution generated is given by the second coefficient of an in- 
finite expansion of the Jones polynomial. Since the first coefficient (2(-)) 
is also a solution, this led to the conjecture [52] that maybe the whole 
polynomial was a solution of the constraints with A = 0. It seems at 
present that this is not the case. Detailed calculations [210] for the third 
order show that the third coefficient of the expansion is not a solution 
and a generic argument shows that if Kauffman being a solution with A 
had to imply that Jones was a solution with A = 0, Jones should satisfy 
several relations it is known not to satisfy. It seems therefore that the con- 
struction singles out the second coefficient as a very special quantity. We 
will show in section 10.5.3 an argument as to why the second coefficient 
vplays such a singular role. 


10.5.8 The Gauss linking number as the key to the new solution 


As we have seen, there is evidence that the Kauffman bracket is a solu- 
tion of the Hamiltonian constraint of quantum gravity with cosmological 
constant. The Kauffman bracket is given by the loop transform of the 
exponential of the Chern—Simons form, 


6 
AE / DAexp (-{5es] W, [A]. (10.83) 

As we argued, due to the results of Witten and others we know how to 
compute this quantity explicitly for any gauge group. It is interesting to 
notice that if the group is U(1) [196, 45], 


exp (-s,a1(7)) = fpa exp (-550s) W,[A], (10.84) 


and Scs = f d?xé°°A,0,A, and the convention for the Abelian Wilson 
loop is W,[A] = exp(i $, dy° Aa). 

So we see that the prefactor that relates the Kauffman and Jones poly- 
nomials arises like the “Abelian limit” of the Kauffman bracket. (There 
is a difference in the numerical factor 24 due to the fact that conventions 
are slightly different and the Abelian limit of an SU(2) theory yields three 
U(1) contributions). In particular, it is easy to see that in the perturba- 
tive expansion if the group is Abelian all the vertex terms drop out and 
one gets a resummation of the exponential of the linking number. 

Now, the Kauffman bracket solves the Wheeler—DeWitt equation with 
a cosmological constant. Is there any sense in which one could take the 
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Abelian limit of this fact and argue that the exponential of the linking 
number does too? The quick answer to this question is no. There is 
no systematic way of considering “Abelian limits” in terms of the loop 
representation, since the non-Abelian nature of the group is embodied 
from the beginning in the kinematic structure of the theory. Moreover, 
the expressions for the Hamiltonian constraint and the determinant of the 
metric collapse in the Abelian limit in terms of connections. However, this 
idea of exploring the Abelian limit of the Kauffman bracket will lead us 
to a new solution of the constraints of quantum gravity. 


Consider the action of the Hamiltonian constraint on the exponential 
of the self-linking number. The calculation can be immediately done 
based on the experience of section 10.5.2. Due to the Abelian nature 
of the self-linking number, the reroutings have a trivial action and the 
loop derivative has the effect we discussed when acting on the self-linking 
number. It is not difficult to see that the total action of the vacuum 
Hamiltonian constraint on the exponential of the self-linking number is 
equal to the action of the determinant of the metric [206]. We therefore 
have the remarkable fact 


(Ho + Adetq) exp (-Fa a) = 0. (10.85) 


We have therefore found another non-trivial solution of all the con- 
straints of quantum gravity in the loop representation. This solution is 
completely novel: we do not know its counterpart in the connection rep- 
resentation. It can be loosely understood in terms of the Abelian limit 
ideas that we introduced, which have no apparent counterpart in the con- 
nection representation. It is unfortunate that these ideas cannot be given 
a more concrete implementation, since they could possibly serve as a basis 
to construct other solutions to the constraints by considering “expansions 
in terms of Abelianness”. 


The remarkable fact is that this solution can be viewed as the root of 
the results we introduced in section 10.5.2. Since the exponential of the 
Gauss linking number is a solution with cosmological constant and so is 
the Kauffman bracket, we could consider their difference, divided by A”, 


D(y), = BA op ihe 9) 


and this quantity solves the Hamiltonian constraint with cosmological 
constant. 


(10.86) 


Each polynomial solution with a cosmological constant corresponds, in 
the limit A — 0, to a solution of the constraint Hp. For instance, the 
Kauffman bracket produces in that limit 2(y), which we showed was a 
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solution of Hp. In the case of D we have 
A2(7) = lim D(7). (10.87) 


So we see that the fact that the exponential of the self-linking number is 
a solution of the Hamiltonian constraint with a cosmological constant has 
the direct consequence that A2(7) has to be a solution of Hp. 

Unfortunately, there is no simple way of constructing a similar argu- 
ment for the higher coefficients. The root of this difficulty is that the 
motivation for finding this solution, based on notions of Abelian limit, 
was quite vague and cannot be embodied in an approximation scheme. 
Our lack of understanding of the Abelian limit in the loop representation 
also prevents us from making a clear connection with expansions of the 
theory in terms of Newton’s constant (“weak” [207] and “strong” [208] 
limits) and should be studied more carefully. 


10.6 Conclusions 


We have seen that the developments in knot theory, in particular the ideas 
of knot polynomials, can be successfully extended to the case of intersect- 
ing loops and be used in practice to construct quantum states of gravity. 
We have succeeded in constructing two different states with cosmological 
constant and two states of the vacuum Hamiltonian constraint. They all 
solve the constraints in very non-trivial fashion and several of them have 
no simple counterpart in terms of the connection representation that we 
know of at present. In a sense this chapter has unleashed the full power 
of the loop representation in that it allows us to make effective use of the 
notions of knot theory to solve the constraints. All the solutions that we 
have discussed here were presented in a formal fashion and only exhibited 
explicitly for the case of a triply self-intersecting loop. One could try to 
regularize them using point-splitting or loop-thickening techniques such 
as the ones we introduced in chapter 8 for the non-intersecting solutions 
and also generalize the results to loops with more intersections. It is in- 
triguing that all solutions with cosmological constant are regular isotopic 
invariants whereas the solutions with A = 0 are ambient isotopic. We will 
postpone the discussion of all these issues to the next chapter where we 
will discuss these solutions in terms of the extended loop representation 
in which all regularization issues can be analyzed in a clear fashion. We 
will see that the solutions survive the scrutiny of a careful regularization. 


11 


The extended loop 
representation of 
quantum gravity 


11.1 Introduction 


In chapter 2 we saw that the extended loops arise as natural extensions of 
the group of loops into a Lie structure. We also saw in chapter 4 that the 
use of extended loops provided a natural framework for the regularization 
for Maxwell theory. The intention in this chapter is to explore to what 
extent they can be useful for addressing regularization issues in quantum 
gravity. As an important by-product we will find that they are also an 
efficient computational tool for discussing several issues related to the 
solution space of quantum gravity and the action of the constraints. 

Regularization issues in quantum gravity are considerably more in- 
volved than those of Maxwell theory. It is therefore remarkable that 
there is a formal similarity with the case of Maxwell theory. In that 
case one of the regularization difficulties that we confronted in the loop 
representation was that the vacuum of the theory, 


Vo(y) = exp(—} f do $ dy? Kole — y)), (11.1) 


where Kab(x — y) was the (distributional) Feynman propagator, was an 
ill defined quantity. Apart from this difficulty in the definition of the 
wavefunctions one also had the expected regularization problems of the 
Hamiltonian, which was quadratic in momenta. 

The ill definition of the vacuum in Maxwell theory appears remarkably 
similar to the problem of framing that we confronted in the loop repre- 
sentation of quantum gravity in the previous chapter. As we saw there, 
the exponential of the self-linking number, 


A 
Yoly) = exp (—7 $ da* $ dy" gary (11.2) 
Y Y 


where garby is the (distributional) propagator of Chern-Simons theory, 
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was a solution to all the constraints and embodied all the framing ambi- 
guities that are present in the Kauffman bracket. The similarity of the 
two expressions, the one corresponding to Maxwell theory and the one 
corresponding to gravity is quite striking. 

A word of caution should be said about jumping to the conclusion that 
the similarity of these two problems necessarily implies their solutions 
should be the same. It is true that going to extended loops fixes the reg- 
ularization problems of Maxwell theory and allows us to recover the Fock 
structure of the theory. However, one expects that in quantum gravity, 
due to the diffeomorphism invariance, the structure of the theory will be 
quite different from a Fock structure. Intuitively, one expects diffeomor- 
phism invariance will yield some sort of discrete structure, possibly better 
suited for a description in terms of loops, which are essentially discrete, 
than extended loops, which are inherently continuous. At the moment, 
however, the picture is far from clear and the attitude should be to explore 
all possible avenues to regularize the theory in order to be able to decide 
which is the better strategy. Because of its natural formulation in terms 
of objects to which we can apply the usual rules of functional calculus, the 
extended loop representation presents an attractive formulation in which 
we can set many of the unsolved questions about regularization raised in 
the previous chapter. 

Another issue related to the use of extended loops is that part of the 
geometric flavor that representations in terms of loops have is lost. For 
instance, we saw in chapter 8 how the diffeomorphism invariance of general 
relativity was naturally coded in the ideas of knot theory. In the extended 
representation this connection is lost and the diffeomorphism constraint 
has to be treated as a functional equation. Not everything is lost, since 
as we will see, several of the ideas of knot theory can be generalized to 
the extended representation. These issues, connected with the problem 
that extended holonomies may have convergence problems, have led to a 
general feeling that some intermediate avenue between ordinary loops and 
extended loops could be the genuine framework for quantizing gravity. At 
present, however, such a framework has not been developed. 

The proposal to use extended loops to build a representation for quan- 
tum gravity was first advanced in references [224, 225]. 

The structure of this chapter is as follows. We start with a discussion 
of wavefunctions and their identities in terms of extended loops. We then 
write the constraints in terms of the extended representation via the loop 
transform. We then proceed to find the extended version of the solutions 
to the constraints that we discussed in chapter 10. The usual loop repre- 
sentation is then obtained as a limit of the extended representation. We 
end with a discussion of the regularization of constraints and solutions in 
terms of this representation. 


11.2 Wavefunctions 277 


11.2 Wavefunctions 


We start by discussing general properties that wavefunctions in the ex- 
tended representations must satisfy. Wavefunctions are related to those 
in the connection representation by the extended transform, 


U(X) = fpa UA] Wx[A], (11.3) 
with Wx [A] the extended Wilson loop, 
Wx [A] = Tr(Ha[X]) = Tr[A,] X$, (11.4) 


where the notation is as usual, indices with tildes represent sets of pairs 
of vector indices and space points u = (a1 Tı ... An Zn) and repeated 
indices with tildes imply integrations over the z;s, Einstein convention 
summations on the a;’s and a summation on n from zero to infinity. The 
notation Ay denotes the product Ag, (z1): Ag, (Zn). 


In order to have a gauge invariant Wilson loop, the multitensors X 
must satisfy the differential constraint, 
ð 


Qi 
Oz; 


Q171...Q;2j eee AanIn ores 


(lTi — wi-1) — ÔE; — Tipi) XMM HALAL Ane, 


(11.5) 


and we call the space of such multitensors D,. Notice that we do not 
require the algebraic constraints that we introduced in chapter 2. At 
this point one has a choice of which precise kind of extended representa- 
tion one wants to consider. The choice to ignore the algebraic constraint 
has the payoff that the resulting representation is simpler, because one 
avoids dealing with non-linear constraints. The price is that the degree 
of redundancy in the description is higher. 

As in the case of loops, the structure of the particular gauge group 
imprints on the wavefunctions in the extended representation a series of 
relations, the Mandelstam identities. When we introduced the Mandel- 
stam identities in chapter 3 for usual loops we did it by considering the 
properties of the traces of products of group elements, which in that case 
were the holonomies. In the extended case, this is not possible, since 
the holonomies no longer belong to the gauge group, as we discussed in 
chapter 2. It turns out that the Mandelstam identities in the extended 
case arise as a consequence of the properties of the traces of products 
of the connections Tr(Ag, (41) -+-+ Aa, (Zn)) combined with the linearity of 
the extended holonomies in terms of the multitensors. Their explicit form 
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is 


Wx, xx,[A] = Wx,xx, [A], (11.6) 
Wx[A] = Wẹ [A], (11.7) 
Wx, [A]Wx, [A] = Wx, xx,[A] + Wx. xX, [A]. (11.8) 


The first identity corresponds to the usual cyclic property of traces. 
The second one corresponds to the inversion of loops W,|A] = W,-:[A] 
which in terms of extended loops corresponds to inversion of the indices, 


Yule = (—1)" Xr HA, (11.9) 


This equation corresponds (when particularized to loops and making 
use in that case of the algebraic constraint) to the expression for the 
inverse of a multitensor that we introduced in chapter 2. Notice that in 
general it is not the inverse multitensor. 

In terms of wavefunctions the identities translate into 


W(X, xX2) = U(X_ x Xj), (11.10) 
U(X) = U(X), (11.11) 
W(X, x XK2 x X3) + U(X) x Xp x X3) = 
W(X x Kx X3) + U(X2 xX x X3). (11.12) 
The identity corresponding to loop inversions (11.11) implies in the ex- 


tended representations that wavefunctions must depend on the extended 
coordinates through the combination 


1 
ReMi Hn — 5 eens a (—1)"XPr Ft) (11.13) 


where the Rs satisfy the following symmetry property under the inversion 
of the indices 


Rita = (—1) Reet, (11.14) 


An important property of the wavefunctions in the extended represen- 
tation is that they are linear functions of the extended coordinates. This 
is due to the fact that the extended Wilson loop is also a linear function 
of the extended coordinates. The general form of a wavefunction in the 
extended representation is therefore given by 


W(X) = D, X5, (11.15) 
and all the information of the particular wavefunction is coded in the 
coefficients D. In turn, the properties that the wavefunctions have as a 


consequence of the Mandelstam identities are translated into properties 
of the coefficients D, 


| a = D iiie (11.16) 
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Duy... = (=D D meam (11.17) 
k 
Dy Might bn F (—1) D icp gedin = 
1 k1 
EP (u1...uk)e Hk+1.Hn + (—1) EP (ptt )e Hk41-+-fn Vk, (11.18) 


where c indicates the cyclic combination of indices, 


D113... )c == Dy u2..-uk) t Diu u3.-uk p) bee: Diu, eT eae (11.19) 


The linearity is a remarkable property of the wavefunctions in the ex- 
tended representation. Notice that all the wavefunctions explicitly known 
in the loop representation for quantum gravity have this property when 
they are written in terms of the multitangent fields. Moreover, this prop- 
erty will also be inherited by the operators that we can construct in the 
extended representation. In general, the linearity of the wavefunctions 
could be imposed by means of the “linearity constraint” L 


1 — y'u, 6° = 
L£(X') U(X) = X zyez? UM) = 0, (11.20) 
where X’ is any object that satisfies the differential constraints. The 
functional derivatives produce elements of the extended group of loops 
and therefore the second functional derivative is the group product of the 
resulting elements. The addition of the element X’ is to ensure that the 
result is a function of multitensors that satisfy the differential constraint 
(i.e., it makes the linearity constraint a well defined operator on the space 
of wavefunctions with support on D,). 

Any observable of the theory has to commute with the linearity con- 
straint. This means that the action of any quantum observable on a 
wavefunction reduces to a shift in the argument of the wavefunction. The 
linearity in the wavefunctions is in correspondence with the proliferation 
of arguments. One trades the non-linearity of the wavefunctions in terms 
of a connection for an increased number of arguments in the extended 
representation. This is a technique that is applied in constructive quan- 
tum field theories for non-linear theories, where non-linearities are traded 
for an increase in the number of variables. 

An example that clarifies these issues of linearity and proliferation of 
variables is given by the usual Fourier representation of the quantum me- 
chanics of a free particle in one dimension. The usual theory has wavefunc- 
tions in the position representation (xz) and momentum representation 
W(k) related by the usual Fourier transform. The idea of extended repre- 
sentation is to substitute the basis of the Fourier transform by an infinite 
parameter basis, 


exp(ikxz) — ko + kız + kaz? + kzz? +- (11.21) 


and the resulting wavefunctions in the “extended” representation are 
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given by linear functions of an infinite tower of ks, W(k). The linear- 
ity is imposed by a linearity constraint 0?/ Ok, Ok; U(k) = 0 

One can write the physical operators of the theory in terms of such a 
representation, and they all become linear operators, 


f= 2 hn Fip (11.22) 
2 ð 
j= VDkntin—, . 
p 2 inti a (11.23) 
a po 1 O 
ha Dr 2 (n +1)(n+ 2)kn+2 ak (11.24) 


which commute with the linearity constraint. 

How is the usual theory recovered? Since one has first class constraints 
(the linearity constraints), one can fix the gauge generated by them. In 
particular one can choose kn = k? /n! and one recovers the usual theory 
free of constraints. If one decides to quantize the theory before fixing the 
gauge, the usual theory is recovered by considering analytic functions of 
the tower of ks and introducing an inner product that implements a gauge 
fixing similar to the one discussed. 

At the moment this seems like a futile exercise: we have converted the 
simplest quantum mechanical problem into a field theory with an infinite 
number of variables and constraints. It is true that for the example of 
a free particle nothing is gained in solving the theory in this way. In 
the case of gauge theories, however, one knows that fixing the gauge is 
not necessarily the easiest way of solving a theory. The attractiveness of 
having a theory cast in terms of linear functions and first order differential 
operators may well compensate for the proliferation of variables (a less 
obvious problem in a theory that from the outset has an infinite number 
of degrees of freedom). 

An intriguing point is that the resulting quantum theory with linear 
wavefunctions and first order operators could, in principle, be obtained 
as the canonical quantization of a classical theory with constraints and 
operators linear in momenta. The classical theory involved has an infinite 
number of degrees of freedom and the linearity implies the use of Grass- 
mann variables in its formulation. These classical theories have not been 
studied in detail at present. 


11.3 The constraints 


We now proceed to write the constraints of quantum gravity in terms 
of the extended representation. We will proceed formally via the loop 
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transform exactly as we did in chapter 8. We could also proceed via the 
construction of a non-canonical algebra which is the natural generalization 
of the T algebra to the extended case. As we argued at length, the results 
one gets are equivalent to those of a loop transform and involve a similar 
number of formal manipulations. We will therefore concentrate on the 
loop transform approach. 


11.3.1 The diffeomorphism constraint 


We start with the diffeomorphism constraint. The action of this constraint 
on the wavefunctions Y(R) is defined by 


é,,U(R) = J DAWrR[A] [Con ¥(A) J. (11.25) 


The constraint acting on Y(A) can be applied on the generalized Wilson 
functional integrating (formally) by parts. As a result we get 


A 


a (R) = | DAVAI FA G)gg WRIA. (11.26) 


At this point it is useful to introduce some notation that will prove 
Q 
beneficial in the calculations. Let 63 be defined as 


MN 


: ôg: -ógn ifn(a) =n(B) =n>1 
Og ‘Is; if n(a) = n(8) = (11.27) 
0, otherwise, 


where n(q) is the number of indices of the set a. The 6 matrix allows us 
to write the group product defined in chapter 2 as 


(E, x E2)^ = 5 BB Ey. (11.28) 
Notice that in particular 


(dy x ba) = ore (11.29) 


l f u 
where ôa are the “vectors” with components (6,)* = 6a. 
The functional derivative of any product of As can be written with the 
help of the 6 matrix as 
6 


2 bx v 
sai (Aa) = Ayri Ay ba, (11.30) 
bx 
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where the Ts are the generators of the SU(2) algebra with the conventions 
of chapter 8. Taking the trace of the above expression we get 


6 


: bx . b c 
zar Ta) = Tr(7* Ag) VAF am Tr(r’ Ag) peA ; (11:31) 
br i 7 a 


The curvature tensor involved in the definition of the constraint can be 
written as 


Fap(x) = Ap. ab (2), (11.32) 


where Fab represents the element of the algebra of the extended loop 
group with non-vanishing components, 


Fata (x) = 621% 04 6(a1 — 2), (11.33) 
Fab!» 72 (2) = 655, 6(41 — x) 6(x2q — 2). (11.34) 


Using (11.31) and (11.32) we obtain the following expression for the 
action of the diffeomorphism constraint on the generalized Wilson func- 
tional: 


Fila) gar TAg) RE = Tr(Fas(2) Ag) bg B 
= Tr(Ap) di Fala) ROD. (11.35) 


Putting expression (11.35) in the expression of the differential con- 
straint and using (11.28) we obtain 


Cor (R) = J DAV[A] Tr(Ap) [Fa (2) x RO]® 
= (Falz) x R®®), (11.36) 


where we have introduced the element of the group RC?) which has com- 
ponents defined by 


ROK = ROPE = ROH (11.37) 


and satisfies the differential constraint (on the p indices) basepointed at 
i 

We therefore see that the action of the diffeomorphism constraint re- 
duces to a shift in the argument of the wavefunction, as we suggested, due 
to the linearity of the operator. The operator can, of course, be written 
as a first order differential operator, 


u 6 
Cart (R) = [Fa (1) x RË J REY (R). (11.38) 


11.3 The constraints 283 


11.8.2 The Hamiltonian constraint 


Let us now consider the construction of the Hamiltonian constraint in the 
extended representation. 

In this case we have to use the properties of the SU (2) algebra in order 
to take into account the two derivatives that appear in H(z). We have 
now 


6 6 


ial. BAB, —_wW,(R)|. (11.39) 


H(z) Y(R. j= DAY[A] €7* rite 


From (11.31) we get the following expression for the second functional 
derivative 


ó 6 6 (ax B)< 
—— —— a = Tr ae = 
6 Al. gar Ta) (7 AŻ, Ag) Oa 
bry c ax pbx v 
T(r Ayr) Ay) 8R * bg = Te(rt Apri Ap) by. (11.40) 


To put this result in a useful form we need the following well known 
property of the SU(2) matrices 


é*Tr(r* Ayr) Ay) = Tr(7*A,) Tr(Ay) — Tr(A,) Tr(7*A,), (11.41) 


which allows us to write the product between traces of SU(2) matrices as 
a combination of traces in the following way: 


Tr(Ay) Tr(Ay) = Tr(Ay Ay) + (-1)"“ Tr( Ay A~), (11.42) 


where if y = (14,...,¥,), then v7’ = (vn,..., v1). This allows us to 
rearrange the expression of interest as 
eik Tr(rt A Ti Ay) = (—1)" Tr(r A, Ay-1) — (-1)") Te(r A-1 Ay). 
(11.43) 


We then have for the action of the constraint on the product of con- 
nections, 


6 6 
5A}. 6AK. Tr(Aq) 7 


(1) Tr(Fha (2) Avy) Tig Re prea gloat ee M E 


Pra oa tJe 3 (wax v—* br)c 
óg PED WK) S } = 


Jk Fi (x) —— 


(—1)") Tr(Fya(x) Avy) 


(1) Tr(Agyy) Fara) dy E > Log + a vex y, (11.44) 


where the combination that arises in curly braces gives rise exactly to 
the element R that we introduced before when contracted with X. This 


284 11 The extended loop representation of quantum gravity 


contraction is exactly what we need to do to get the expression of the 
action of the constraint on an extended holonomy, 


ó ó 
ek 
ax y br 
ine Aai Ee Rr- 


2(—1)"®) Tr(Ag) 6 Faha) [B04 ROK"), (11.45) 


where in the first step we have used the symmetry property (11.14) of the 
Rs under the inversion of the indexes. The expression in square brackets 
defines a specific combination of Rs, that we denote 


[RCD] = ROP = (6, x 5,)R(—1)H) ROKE e, (11.46) 


Explicitly, 


n 
R(x, bt) p1-.-0n = S-(-1)"* RLCOT 1 ---Pk bE Pn-.-Pkti)e_ (11.47) 
k=0 
An important fact is that this combination satisfies the differential con- 


straint with respect to the p indices basepointed at x. It also satisfies the 
following property 


RTE)’ = (—1)”® RODDE (11.48) 
Equation (11.45) can then be written 
ô ó " 
et Fala) T A BAB, Wa(R)=2 Tr(Aa) (ôg x 5p)® Fas(a) RO” R 


=2 Tr(Ag) (Fas x ROO *2))3, (11.49) 
and from this we conclude that 
H(z) U(R) = 2 Y(Faæ (£) x RY"). (11.50) 


Also in this case the action of the Hamiltonian constraint reduces to 
evaluating the wavefunction on a new argument. As was already men- 
tioned, this is a general property of the operators in the extended rep- 
resentation due to the linearity of the wavefunctions. In fact, the last 
expression can be written as the action of a single functional derivative 
with respect to the R variables 


H(x) U(R) =2 | Fav (x) x RED] Za Y(R). (11.51) 


Notice that in order for this expression to be well defined on the space 
of wavefunctions considered it is necessary that the term contracted with 
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the functional derivative satisfies the differential constraint, as is the case 
here. 

The new element of the extended group of loops on which the wave- 
function is evaluated involves a combination of multitensor fields with 
two indices fixed at the point where the Hamiltonian is acting and the 
other indices having a specific alternating order. We will show in the 
next section that this alternating order of the indexes is related to the 
reroutings of a loop when the above expression is particularized to loops. 
The appearance of a rerouting is typical of the loop representation and 
plays a crucial role in the quantum gravity case. 

The presence of a multitensor with two indices evaluated at the same 
point in the Hamiltonian constraint implies that the resulting expression 
for the operator is divergent. This is due to the distributional character 
of the multitensors. A multitensor satisfying the differential constraint 
(2.11) diverges when two successive indices are evaluated at the same 
spatial point. This divergence of the formal expression of the constraint 
will have to be regularized, and we will return to it in detail in section 
11.6.2. 


11.4 Loops as a particular case 


As we discussed in chapter 2, the extended group of loops includes the 
group of loops as a particular case. We should therefore be able to partic- 
ularize the extended representation to the loop representation by substi- 
tuting R — R(y). We analyze here in detail the case of the Hamiltonian 
constraint. 

In order to evaluate R'2*5*)(+,) we have to use the explicit expression 
of this object in terms of the multitangents fields. We have 


n k 
RCS bT) Hn — 5 ` NO (—1) PF Xia bT Un..-Hk+1 AT H1 ..Hi 
k=0 l=0 
+ (—1)™X BiH aT Hie +1 +H bx Mk -Hi+1) 


n n 
4 ` N (1) 8 [Xe bet AL H1..-Hk OX Un..-Mi41 
k=0 l=k 
4+ (1)? XP+ Hn bT Hk.. H1 aT Mei Ht) (11.52) 


One can write the above expression in a more compact and useful form 
introducing the following combinations of Xs, 


se n 
yy (an, br)y a ŞO (17E X (or r-r ba Hn be+1)e (11.53) 
k=0 
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and 


<— n 
x (a2, bx )u = 5 (—1)* X! aT Hk.. p1 bT Hk+1---Hn)c l (11.54) 
k=0 
These objects have definite symmetry properties under the inversion of 
the indices, which we will use later. Basically, the inversion of the order 
of the indices flips the direction of the arrow and multiplies the object by 
(1#, 


e= = 
n axz,bx)u t az, bx 
(1) XO (44) = XO 4,), (11.55) 


In terms of these combinations, R‘**5") simply reads 


— — 
Riot HDE z Liye Meg yeas ey. (11.56) 


As we discussed extensively in chapter 8, the Hamiltonian constraint in 
the loop representation has only a non-trivial action on intersecting loops. 
We suppose then that at the point x the loop y intersects itself p times; 
i.e., y has “multiplicity” p at x. We start with some suitable notation to 
take this fact into account. 

If the loop y has multiplicity p at x one can write it in the following 
way 


Yas = V 02) 0 +++ 07%). (11.57) 


We denote by eal? the following composition of loops basepointed 
at x 
[asli = VR o o ga. (11.58) 
Let us suppose that the loop named y$ contains the origin o of the 
loops. Then 


Yo = YZ afael og. (11.59) 


Here, ye represents the portion of y!) from the origin o to the point 
x. The loop Yo is completely described by the multitangent fields X*(7,) 
of all ranks. As we know, these fields satisfy both algebraic (2.10) and 
differential (2.11) constraints. Moreover, these objects have another prop- 
erty derived from the fact that one can write a loop as a composition of 
open paths. This reads 


XM (yo) = | dz (a4 — z) XMM (y3) X tEn (y7), (11.60) 
Yo 
which can be derived simply from the properties of the ordered integrals 
that appear in the definition of the multitangent. 
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Suppose now that the index p; is fixed at the point x. Then 


xr «jhi QL Hil. Hn (Yo) — 


p 
> At (yz © [Yax]") Xm (1) P Ca (oe Sa Q 2), 


m=1 


(11.61) 


where X47 (y) is the tangent at x when the loop goes through that point on 
the mth occasion. The following convention is assumed: [Yre]m41 ®© tra, 
with tsz the null path. The above expression can easily be generalized to 
the case of any number of indices fixed at z. The above two expressions 
are exactly the same, except that in the second one we have written 
explicitly the case in which the point z is at an intersection, partitioning 
the integral of the first formula in a summation on the different petals of 
the loop with the intersection at z. 


We are now ready to compute R(@*:5*)(+,). We have 


—_—> 
x (22, bx Mays) = 


p—1l p 


2 2i [x22 (-y) XE (Y) XMa) © erlm41 ° Merly) 
m=i q=m 


i een 
HODR XEO) XEO) XE (Maal? © Freaks ° beel), 

(11.62) 
where [zalh 41 = 19) o.. and ¥ denotes the loop y with opposite 
orientation. The inversion of the orientation of the loop (rerouting) in 
(11.62) comes from the property (11.9) of the multitangent fields. We 
then use the properties of the arrowed objects under inversion of the 
indices (11.55) and obtain for the action of the Hamiltonian, 


oge” 


A(T)E (yo) = 24 [Fa (1) x RE *)(4,)] = 


2 | DAWA) Tel Agy) Fas a)® X05 KY) = 


p-l P 
aE xb) xen) DAYA) 


m=1 q=m+1 
x Ti[Fas(2)HAfR [Yee] © Paelm ° beslit) (11-63) 
where we have arranged the product of connections contracted with the 


multitangents as the holonomy, and its contraction with Fa» as the field 
tensor Fab using formulae we introduced at the beginning of this chapter. 
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We can now recover the loop derivative through the usual expression, 


Tr(Foo(z)Ha{R(yex)}) = Aas(z)Tr(Ha{R(yez) }). (11.64) 
The final result is 


= p-l p 
A(z)V(yo)=4 5 D XE) XT) 
m=1q=m-+1 


x Agp(x) Y ([Y22]7"0 elie ex}? +1) (11.65) 


This expression corresponds to the usual Hamiltonian constraint of 
quantum gravity in the loop representation introduced in chapter 8. For 
the diffeomorphism constraint we obtain a similar result. Equation (11.36) 
reduces to the usual expression of the diffeomorphism constraint in the 
loop representation when one particularizes this constraint to the case of 
loops. | 

It is important to stress the relationship between the solutions of the 
constraints in both representations. Since loops are a particular case 
of multitensors, any solution found in the extended representation can be 
particularized to loops and would yield in the limit a solution to the usual 
constraints of quantum gravity in the loop representation. The converse 
is not necessarily true. Given a solution in the loop representation, it may 
not generalize to a solution in the extended representation. An example is 
the solutions to the Hamiltonian based on smooth non-intersecting loops, 
which find no analogue in the extended representation. 

The process by which one obtains a solution in the loop representation 
from a solution in the extended representation may be ill defined. In 
that sense, one can always obtain a solution in terms of loops from the 
extended representation only at a formal level. In particular we will see 
that the solutions we find in the next section are only well defined in 
the extended space if one excises from it certain multitensors, including 
those which correspond to loops. Therefore such solutions do not have a 
rigorous meaning in terms of loops, only a formal one, which corresponds 
to the level of discussion of the solutions that we have maintained up to 
now. | 

The fact that the solutions we will present do not include loops as a 
particular case does not preclude obtaining them through a suitable lim- 
iting process. These limiting processes may include additional structures 
—such as framings— and the end result may be a formulation in terms 
of some generalization of the idea of loops. 

A simple example of the situation is given by the exponential of the 
self-linking number. Its extended form is exp(gartyX°7 XY). If the Xs 
are smooth, this is a well defined quantity in spite of the fact that gaz by 
is distributional. However, if one considers the Xs that correspond to a 
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loop it is not, as we have discussed, and an ambiguity appears. Therefore 
if one wants to have the self-linking number as a well defined function in 
the extended loop space one has to restrict it to smooth first order mul- 
titensors, which exclude those of loops. If one defines a limiting process 
in which the multitensors of (framed) loops arise as a limit of smooth 
multitensors, the self-linking number is well defined. 


11.5 Solutions of the constraints 


As we have seen, the expressions for the constraints in the extended rep- 
resentation are very compact: they amount to the evaluation of the wave- 
functions in a shifted argument. The compactness of these expressions al- 
lows us to compute in a very efficient way their action on specific states. 
In particular it allows us to compute very efficiently the action of the 
Hamiltonian constraint on the second coefficient of the Jones polynomial, 
which we claimed without presenting an explicit proof in chapter 10 was 
annihilated by the constraint. The discussion in this section serves both 
as proof of that fact and as an illustration of the computational economy 
attained by the use of the extended representation. Even if the extended 
representation does not in the end have intrinsic value for representing 
quantum gravity it is a powerful computational framework for doing cal- 
culations in the loop representation. The computation presented here will 
be unregularized, we will discuss the regularization of it in section 11.6.2. 

The expression for the coefficient A2(7) in terms of the multitangent 
fields is 


A2(Y) = Riga (y) + Gapda A Rr (y), (11.66) 
where 
Aus pous eee Guia1 Juzaz Juzaz: (11.67) 
with 
g719203 — 010203 [ar (zı — t) 6(zq — t) 6(z3 — t). (11.68) 


The generalization of this knot invariant to extended loops is straight- 
forward 


Az2(7) = A[X (7)] > A2(X) = A2(R), (11.69) 


where X is now an element of the extended group Do. We now analyze 
the application of the Hamiltonian constraint to this state in the extended 
representation. By (11.50) we have 


H(z) A(R) = 2 Ay, yous i (x) R(T br)uaus + Fah? (x) Behe) 
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+2 Onima Inama Fa (x) R02 br) v2M3H + Fy? (x) Rea (11.70) 


The contraction of the element of the extended algebra Fap with the 
propagators leads to integrations by parts similar to those we encountered 
in chapter 10 while analyzing the action of the Hamiltonian constraint on 
the Gauss linking number. Explicitly, we have 


Fa (x) Juus = —€aba3 (x — 23) — Oa39ax bx3) (11.71) 
Fab"? (1) Gir u3 Iuzua = Iuslaz I ba] p4» (11.72) 
Fao (T) Au, pops = —Jpe[axr9 br] py + (Gaz bro — Jaz bas )Guops> 
+5 9ax pert [9us dzOaz Jezz fz — Ipu dz9a3 Jezz fl, 
(11.73) 
Fab? (1) Ay pous = 2 Ras be pa- (11.74) 


In the last term of equation (11.73) an integral in z is assumed. The 
derivatives that appear in the above expressions can be integrated by parts 
and as a consequence act on the Rs. Using the differential constraint we 
generate from them terms of lower multitensor rank. For example, from 
(11.71) we have 


Juzn4 az Jaz bx3 RO Paa Gurus (Sax bx2 — Jax br4 ) R(22 br) 2 M4 ; 
(11.75 


Performing these calculations, the following partial results are obtained 
for the four expressions quoted above 


—Eabc]ui pe Rls bz)m ee (Jaz bz; — Jaz bare ) Gur pe Riot, br) na (11.76) 


Guilaz J bz] u2 REAM, (11.77) 
—Gui[azJ bz] u2 Rlosbz)m ne gg (Jaz bz, — Jaz bre Oy u2 Rio, bx )ui Ma 

—*S gay bzJuı dzJex pRO g ’ (11.78) 
2 haz ba ui RCS br) a1 (11.79) 


After some cancellations we finally obtain 
H(z) Ao(R) = —2 €abeGui p RCT erh 
+ 2[2haz bz p — €f Jaz bz9u dex fz) RO” ’* (11.80) 
One can check that the terms in the bracket are identical and of opposite 


signs, so the bracket vanishes. One can also see that the term of rank five 
vanishes. To see this, expand R(¢* $=): cz.2 and as a result one gets, 


Rat, br)ui cz u2 — _9 Plax br p CZ u2)c TE R(ct az p bz p2)c + ROT cz p az p2)e 


(11.81) 
which implies the contribution vanishes due to symmetry considerations 
when contracted with Egy. 
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We therefore conclude that 
H(z) A2(R) = 0. (11.82) 


We see that the explicit computation of this formal result in the ex- 
tended representation involves only a few simple steps that basically 
amount to integrations by parts and application of the constraints sat- 
isfied by the multitensors. This should be compared with the lengthy 
computation in terms of loops outlined in reference [209]. 


An interesting point is that the computational efficiency that is ob- 
tained in the extended representation may be useful at the level of the 
diffeomorphism constraint. It is straightforward to show, for instance, 
that Az is diffeomorphism invariant simply by checking that it is annihi- 
lated by the diffeomorphism constraint. This may find useful applications 
as a technique for searching for knot invariants. 


11.6 Regularization 


The extended representation provides a new scenario for analyzing the 
regularization problems in quantum gravity. In the loop representation 
regularization ambiguities appear at the level of both quantum operators 
and quantum states. Whereas the first problem is common to all the 
representations that one can construct for quantum gravity (and lies in 
the fact that the constraints involve the product of operators evaluated 
at the same point), the second is typical of the loop representation. In 
the case of quantum gravity the loop wavefunctions are knot invariants 
and their analytic expressions require the introduction of a regularization 
(framing). This difficulty does not only arise for the gravitational case. 
As we discussed in section 11.1 it is suggestive that even in the simple 
case of a free Maxwell field it is known that the quantum states in the 
loop representation are ill defined and a regularization is needed. 


We will see that in the extended representation the problems in the 
definition of the wavefunctions can be solved. We are going to show that 
with an adequate restriction of the domain of dependence, the extended 
wavefunctions are well defined functionals. In the regularization of the 
constraints, we shall limit the analysis to the case of wavefunctions with a 
totally specified analytical dependence. More precisely, we shall study the 
action of the regularized Hamiltonian constraint over the wavefunctions 
that are formally annihilated by the constraint. The regularization of the 
constraint on the space of all wavefunctions has not yet been studied in 
detail. 
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11.6.1 The smoothness of the extended wavefunctions 


Let us consider now the regularity properties of the extended wavefunc- 
tions. Generically the multitensors X* are distributional, as is directly 
inferred from the differential constraint (their derivative is a delta func- 
tion). As we saw in chapter 2 any multitensor that satisfies the differential 
constraint can be written in the form X = O[¢] - Y, where the Y fields 
satisfy the homogeneous differential constraint. For example, for the rank 
two component we have 


jxorby _ yaxby +o e yoy _ gy, Yeo = M Y +o iby yor). 
(11.83) 
As we discussed in chapter 2 the function ¢ fixes a prescription for the 
decomposition of the multitensors in transverse and longitudinal parts, 
Y = ór: X with 


Ôr A V1 Vm == On.m bp, aad bp (11.84) 


bt 6" ab 5: (11.85) 


As the Ys satisfy the homogeneous differential constraint, they can be 
chosen to be smooth functions. In that case, all the divergent behavior 
of the X is concentrated in the function ¢. The Os control the divergent 
character of the group elements. 

Let us define the following set of elements of the extended space: X € 
{X}, if, and only if, there exists a prescription function ¢ such that 
67[¢]-X = Y is a smooth function. We shall show that the wavefunctions 
defined on this domain are smooth in the extended variables and that this 
property is invariant under diffeomorphism transformations. 

Given a diffeomorphism transformation Ap defined by x° = D%(z) it 
can be shown that dpr = Ap-1-67r- Ap is a transverse projector in the 
prescription 


ar __ Ox" bD(z) 
op y = J(z) ID’ D(y)? (11.86) 


where J(x) is the Jacobian of the coordinate transformation and ¢ is 
the function that fixes the prescription of the projector ór. In this pre- 
scription X = 0-Y = Ap-1:Op-1:Ap-Y. For any diffeomorphism 
transformation Ap, the transverse part of Ap - X is a smooth function 
with the prescription ¢p-:. In effect 


ôp-ır: (Ap: X) = óp-ır `O p-ı -Ap-Y=Ap'-Y, (11.87) 


and we therefore see that there is a prescription ¢p-1 in which 67[¢p-1] 
is a smooth function since Y is and its character is unchanged by the 
action of the diffeomorphism. The set {X}, is then invariant under dif- 
feomorphism transformations. 
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Let us now consider the specific wavefunctions we introduced in chapter 
10. The extended loop transform of the exponential of the Chern—Simons 
form 


OO 
Y(X) = / DA exp(Sa[A]) Tr(A - X) = S3(g™ - X) A", (11.88) 
n=0 
where the dot indicates the contraction of indexes. We denote by g the 
products of propagators that arise in the perturbative expansion of the 
functional integral. As we have argued, they play the role of one of the 
diffeomorphism invariant metrics in the space of multitensors we were 
seeking in chapter 2. We recall that those metrics were, in general, ob- 
jects that depended on the particular prescription one took for defining 
transverse and longitudinal parts. 
Now, for any X € {X}, we have 


W(X) =g-X=g-o[6]-Y =g: Y, (11.89) 


where one can see that gg is a well defined distributional object that 
corresponds to the metric g in a particular prescription determined by æ. 

This is a very important result. It implies that all the distributional 
character of the multitensors that is embodied in the Oss is incorporated 
in the distributional nature of the gs. Therefore if one chooses smooth 
Ys, the wavefunctions are well defined. This fact is invariant under dif- 
feomorphisms. One can always find a prescription in terms of which the 
wavefunction is written as g- Y. 

It is satisfying to check that by going to the extended representation 
and suitably restricting the domain of dependence of the wavefunctions 
one can remove the divergences in their definition. However, there is 
a price to be paid for this. As we argued before, ordinary loops are 
included in extended loops. The price we pay for limiting the domain 
of the extended wavefunctions in order to make them smooth is that we 
exclude ordinary loops from the representation. Ordinary loops do not 
correspond to smooth Ys. 

This is consistent with what we discussed before. Written purely in 
terms of ordinary loops the expressions for the knot invariants are diver- 
gent. Therefore they could never have arisen as a restriction of a smooth 
expression in terms of extended loops. The consistency goes beyond this 
fact. We saw that one could to a certain extent make sense of the knot 
invariants in terms of ordinary loops if one supplemented them with an 
additional structure: a framing. What this is suggesting is that in order 
to obtain the ordinary loop expressions from the expression of the knot 
invariants in terms of extended loops one has to go outside their domain of 
well behavedness. In order to obtain well behaved expressions, that limit 
should involve a choice of a prescription or regularization which translates 
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itself in the notion of framed loops. The details of how to take this limit 
and derive a consistent framing from the extended representation have 
only been studied for particular cases and should be studied further. 


11.6.2 The regularization of the constraints 


As we discussed in section 11.3, the expressions for the constraints in the 
extended representation we have introduced are ill defined. They involve 
a multitensor with indices with a repeated spatial dependence. Due to 
the distributional character of multitensors imposed by the differential 
constraint (2.11) a repetition of a spatial dependence implies a divergence. 
Furthermore, the expression also involves an element of the algebra Fa» 
which may lead upon contraction to a distribution. Similar arguments 
apply to the diffeomorphism constraint. 

To regularize the constraints we will proceed to point-split them. This 
is one of the simplest regularization methods one can consider. It may 
introduce difficulties due to its dependence on a background metric as we 
argued in chapter 8. It is straightforward to point-split the formal expres- 
sions for the constraints introduced in section 11.3. One takes expressions 
(11.36),(11.50) and point-splits the dependence on the variable z. The 
result is 


C£ (R) = J Bw | By felw, £) felv, £) V(Fap(w) xR), (11.90) 

H*(x) Y(R) = 

2 fèw Puf dv fe(w,2) felu, £) felv, £) U(Fap(w) x Rat, 
(11.91) 


where f, is any appropriate symmetric smearing of the delta function. 
Notice that this point-splitting regularization is not uniquely determined 
by the formal factor ordered expression. Several sources of ambiguities 
arise, one of which is related to the background metric used in the smear- 
ing functions. It is also possible, but not mandatory, to preserve the 
gauge invariance in the regularization process. Gauge invariance is eas- 
ily preserved in the extended representation by a procedure analogous 
to “closing the loops” in the usual representation. It has been checked 
that this procedure yields the same result as the non-invariant calculation 
we will perform here [210]. Finally additional factor ordering problems 
may arise due to the distributional character of the fundamental fields. 
We will see that distributional connections will appear naturally in the 
discussion. 

We shall proceed as follows: we will introduce a naive point-splitting 
and study the action of the regularized and renormalized operators on 
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the formal solutions. We will prove that there is a factor ordering that 
ensures consistency between the known results in the connection and the 
loop representation. 

In section 11.5 we have shown that the invariance under diffeomor- 
phisms of the coefficients of the expansion of the generalized transform 
(11.88) is ensured by construction. We also saw that with an appropriate 
definition of the domain of dependence, the wavefunctions can be endowed 
with convenient regularity properties (in particular, the smoothness de- 
pendence on the extended variables can be ensured in a diffeomorphism 
invariant way). All this can be explicitly confirmed by checking that 
the wavefunctions are annihilated by the regularized diffeomorphism con- 
straints. Let us explicitly perform one of these calculations. This will also 
serve aS a warm-up for the Hamiltonian case. Let us check the behavior 
of the regularized diffeomorphism constraint for the particular case of the 
extended Gauss linking number. From (11.90) we obtain 


C£ a(R) = } dwf dv felw, 2) felv, £) gusna Fao (w) RÈDH, (11.92) 


This result is valid for any prescription. Due to practical computational 
reasons we shall restrict the domain of the wavefunctions to those pre- 
scriptions connected by diffeomorphisms to the “transverse” prescription, 
given by 

1 ð 1 
a? = — — c. 11.93 
° Y An rale- y | ( ) 
In the transverse prescription the free Chern-Simons propagator gaz by 
takes the form introduced in chapter 10. Then using (11.71) we get 


Cor 1(R) = —€ade [Pula felw, £) felv, r) RO) ™, (11.94) 
where 
Roe) ew — ybvcw eri poun (11.95) 


is a smooth function symmetric under the interchange of the indices b 
and c (using the fact that the integration points are indistinguishable) 
contracted with an antisymmetric tensor. The last expression is well 
defined and we therefore have 


C£ a(R) = 0. (11.96) 


Notice that no divergences occur in (11.94) and we do not need to take 
the limit when c€ goes to zero. The diffeomorphism constraint is perfectly 
well defined and no renormalization is needed. A similar result holds for 
Av in the sense that no renormalization is needed, although the expression 
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only vanishes when the regulator is removed. This situation is likely to be 
repeated for all other invariants constructed from Chern—Simons theory. 

Let us analyze now the action of the regularized Hamiltonian constraint. 
This will allow us to put on a rigorous footing the formal results intro- 
duced in chapter 10 concerning the transform of the Chern—Simons state. 
We will not present a complete account here, but we will concentrate on 
the most elaborate calculation, the action of the Hamiltonian constraint 
on the second coefficient of the infinite expansion of the Jones polynomial, 
A(R). This result is of interest in itself since A(R) is the first non-trivial 
non-degenerate solution to the Wheeler-DeWitt equation with vanishing 
cosmological constant. We will end this section with some discussion of 
the rest of the calculation of the action of the Hamiltonian with cosmo- 
logical constant on the extended Kauffman bracket. 

The action of the regularized Hamiltonian constraint on the second 
coefficient A(R) is 


H(z) A(R) = [uf Puf dv fe(w, x) felu, x) felv, 2) 
x {- Eabc] ui 2 Rieu, bv) 1 cw jU? 


+[2 Raw bw pı — a Gain bzJu dzJeu fz 
+(Gaw bu — Jaw bv) Pur pep ROE bu ia}e} (11.97) 


If we now compare this with the unregulated result that we obtained in 
section 11.5, equation (11.80), we notice that there is an extra term, the 
last one in (11.97). We call this the “anomalous term”. In the unregulated 
calculation, the variable R(*“5") appeared as R‘%*»*) and satisfied the 
differential constraint based at the point x. In the regulated case, the 
variable R(°% bv) satisfies a similar equation, 


JRC bv) p44 


Ou; Rlau, bv) a1. Hien = [6(zi = Ti—1) = (Ti = Ti+1)] plou, bu) ua -hhn 
+ [6(x; — u) — (z; — v)] (1) 7 ROY Ht Hi-1 bv Hn-Hi+i)e (11.98) 


instead of the usual differential constraint. In the above expression one 
should identify zo = u and n41 = v. 

To consider the limit of (11.97) when one removes the regulators, one 
needs to take into account the divergences that come from the group 
elements (through the matrix 0 ) and from the gs. The first observation 
is that both types of contributions are of the same order. 

In order to see this we compare the first term in (11.97), which has 
divergences due to g (the repeated indices in R) and the anomalous term 
which has divergences due to g which in the limit means both indices are 
evaluated at the same point. 

We start with the rank five group elements R(@% v)#1 cwu2, Tf one recalls 
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the definition of O from chapter 2 and expands X = Ø - Y one finds a 
large number of terms. One can see that all these terms have a structure 
of divergences that is characterized by 


p, y (bv pı cw u2) (11.99) 


with Y (v1 cwr2)e a regular function in the limit € — 0. This expression 
gives the leading divergence of the rank five term in (11.97). 

These leading divergences are exactly the same as those that arise from 
the anomalous term. In order to see this first notice that 


EbcaPo v y prae Jbu cv ye jade, (11.100) 


whereas in the anomalous term one has a contribution gpy cy y (bv pı cw M2 )c 
This last expression apparently has a different divergence structure since 
it involves an R instead of a Y but it turns out that the contraction with 
Ju; u “erases” the extra divergences introduced by the R and the order is 
the same. Therefore in the limit u — v both the anomalous term and the 
first term of (11.97) only have divergences due to the presence of gbu cv- 

The result (11.100) ensures, due to the same symmetry properties used 
in the formal calculation, that the contribution of the first term in (11.97) 
vanishes. Indeed, one gets from (11.81) 


T 2 plaz bs pı cz 12)c J pR oa m bz u2)c 4 Rioters ax M2) (11.101) 


contracted with €,,, and integrated in u,v, w. One can relabel the dummy 
indices a,b,c and the integration variables u,v,w in such a way that the 
three terms in the above expression are equal. The contribution from the 
first term in (11.97) therefore cancels before removing the regulator. 

One can see that the second term in (11.97) also vanishes when one re- 
moves the regulator for exactly the same reasons mentioned in the formal 
calculation since no singularities are involved in the canceling terms. 

In order to consider the anomalous term we rearrange slightly the form 
for it that appears in (11.97). First of all we notice that the contributions 
to the anomalous term of the two gs in the parenthesis actually are the 
same and add up, giving a single g and a factor of 2. The way to see 
this is to write the gs explicitly. Each includes an €abc, which contracted 
with the R yields an expression antisymmetric in u,v and therefore the 
terms add up. Moreover, we notice that the contraction of gp, y with R 
is equivalent to the contraction with Y as we argued in section 11.6.1. 
We then have 


2 |w) uf dv few, 2) felu, 2) fe(0,2) gaw bv Ju RCM Pae = 
2 
Are Eabc Jui n2 


gY RCT 11 by p2)e 


yar + O(€), (11.102) 
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where we have used a Gaussian regulator f.(Z) = (.,/7e)~° exp (—z7e~2). 
This result is obtained by writing gow by aS €ab-0°(1/|w — v|), expanding 
R(au m bv u2)c in the limit v > u, and explicitly performing the Gaussian 
integrals. 

As we have already discussed, the contraction of g with R in non- 
contiguous indices is a regular expression and therefore the result is well 
defined without singularities. 

We therefore see that in order to have a finite expression for the Hamil- 
tonian we need to renormalize the point-split version by a factor e. The 
end result for the regularized and renormalized Hamiltonian is 


H, (x) Ag(R) = lim €H‘(x) Ao(R) 


| 2 
c ax b 
= T Eabe Quiz 0 Rí Pa y H2)e Y=T 


We conclude that the renormalized Hamiltonian constraint does not 
annihilate the generalized diffeomorphism invariant corresponding to the 
second coefficient of the Alexander-Conway knot polynomial in the point- 
splitting regularization procedure we have followed. 

This leads immediately to an apparent contradiction. We argued in 
section 11.5 that as a consequence of the Kauffman polynomial being a 
state with cosmological constant, the vacuum Hamiltonian with A = 0 had 
to annihilate A2(y). We now see that in a regularized calculation it does 
not. But the Kauffman bracket arose as the transform of an exact state 
in the connection representation, independent of regularization problems, 
the exponential of the Chern-Simons form. How can all these apparently 
contradicting facts be compatible? 

The answer lies in the hypotheses made in order to claim that the ex- 
ponential of the Chern—Simons form was a solution of the Hamiltonian 
constraint of quantum gravity in the connection representation. As we 
argued in chapter 7 this result is quite robust, depending only on choos- 
ing a factor ordering with functional derivatives to the right. Because the 
cancellation between the vacuum Hamiltonian constraint and the cosmo- 
logical constant term arose with the computation of only one functional 
derivative one expected the result to be quite robust under changes in 
regularization procedures. This is true. However, implicit assumptions 
are made in the domain of dependence of the wavefunctions. For instance, 
one typically assumes the connections to be smooth. If the connections 
are not smooth the definition of even apparently trivial multiplicative 
operators like the field tensor Ft, becomes problematic and has to be 
regularized. 

Why should one consider distributional connections at all? The prob- 
lem arises in the functional integrals used to define the loop transform. 


(11.103) 
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Functional integrals have contributions from non-smooth fields. This can 
be seen even in simple examples of finite-dimensional quantum mechanics. 
If one considers the path integral formulation of a free particle, the integral 
has contributions from discontinuous paths when performing the partition 
to compute it. It is therefore natural to consider distributional connec- 
tions if one is to perform the transform with usual functional integrals, 
such as the ones we explicitly used when performing the perturbative 
expansion. 

It turns out that the anomaly we find when regulating the calculation 
of the action of the Hamiltonian on the A2(7) coefficient can be corrected 
with the introduction of a counterterm. A counterterm is a regularized 
term which vanishes when acting on an extended Wilson functional con- 
structed with non-distributional, smooth connections. Consider, for ex- 
ample, the following expression, symmetric under the interchange of the 
internal indices, 
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It is clear that this term vanishes in the limit € — 0 if the connections 
are regular functions, but it may have a non-trivial contribution if the 
connections are distributions. The corresponding regularized expression 
in the extended space is 


e _ plaupbuv)c ó _ 6 
Cé=R See eee (11.105) 


This expression generates anomalous type contributions. For example, 


C (Gur ps Her?) = 2(Jaw bu — Jaw bu) Poue (11.106) 


Could it be that by adding expressions like the above one to the Hamil- 
tonian one can cancel the anomalous terms? The answer is in the affir- 
mative. The precise counterterm is given by the difference of two terms, 
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where RIM 2 is given by expression (11.56) without the (-1)" factor 
and without the “rerouting” action (the index yp! is replaced by p,) 
Remarkably, these expressions also have a simple form in the connection 
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representation, 
ô 6 
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With this single counterterm all the anomalous contributions to the 
action of the Hamiltonian constraint on the ag, the Kauffman bracket 
and the exponential of the self-linking number cancel. The fact that a 
single counterterm is responsible for all the cancellations is remarkable 
and shows that the construction is not just a gimmick to fix the anomaly 
problem, but might well be a genuine counterterm arising from quantum 
gravity. The fact that the counterterm has a simple and precise expression 
in the connection representation raises the hope that a better intuitive ex- 
planation of it could be gained by viewing it in this context. At present 
this issue is not settled: could it be that Cə — Cı is what one needs to 
add to the Hamiltonian in the connection representation in order to an- 
nihilate the exponential of the Chern-Simons form when distributional 
connections are allowed? Could it reflect the fact that in that case a 
non-trivial contribution to the measure arises? These issues are currently 
being studied. 


11.7 Conclusions 


We constructed a representation for quantum gravity based on extended 
loops. We studied the space of wavefunctions and promoted the con- 
straints to wave equations. The wavefunctions are linear functionals of 
the multitensors and the constraints are first order functional differen- 
tial operators. This introduces computational simplifications that allow 
to operate very efficiently with the constraints. The price paid for this is 
that one loses the simple geometric characterization of the solutions of the 
diffeomorphism constraint in terms of knot classes. One has to deal with 
that constraint as another functional equation. In spite of this, the knot 
invariants derived from Chern-Simons theory that were formal solutions 
of the constraints in terms of loops admit a straightforward extension to 
the space of multitensors. We checked formally that they solved the con- 
straints. We then studied a regularization and showed that the solutions 
found also solved the constraints in a rigorous regularized way through 
the introduction of appropriate counterterms. The situation regarding 
the regularization of the constraints is still unsatisfactory, since although 
we can recover in a regularized fashion all of the formal results, we do not 
have a physical argument for the introduction of the counterterms. The 
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fact that they have a simple expression in the connection representation 
raises the hope that some physical insight might be gained into their ori- 
gin. The results obtained are just a first step in the regularization process, 
the next step being the computation of the algebra of constraints. 


12 


Conclusions, present 
status and outlook 


In this book we have attempted to present in a structured fashion the 
various aspects of the use of loops in the quantization of gauge theories 
and gravitation. The discussion mixed historical and current develop- 
ments and we rewrote many results in a more modern language. In this 
chapter we would like to concentrate on the outlook arising from the ma- 
terial presented and focus on current developments and on possible future 
avenues of work. We will divide the discussion into gauge theories and 
gravity, since the kinds of developments in these two fields follow naturally 
somewhat disjoint categories. 


12.1 Gauge theories 


Overall, the picture which emerges is satisfying in the sense that the bulk 
of the techniques developed can be applied systematically to the construc- 
tion of loop representations for almost any theory based on a connection as 
the main canonical variable, either free or interacting with various forms 
of matter. In this respect we must emphasize the developments listed in 
chapters 1, 2 and 3 which are the main mathematical framework that we 
used to understand the physical applications. Many of these aspects, as 
we have mentioned, have been studied with mathematical rigor by various 
authors in spite of the fact that the presentation we have followed here is 
oriented towards physicists. 

The main conclusion to be drawn from this book is that loop techniques 
are at present a practical tool for the analysis of the quantum mechanics 
of gauge theories. There are three main lines of attack that are worthwhile 
discussing separately: 

e Quantization of gauge theories in the continuum. Even though the 
loop representation has very appealing features such as the gauge invari- 
ance and its geometrical content, there has not been great improvement 
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over other computational methods up to now. Although as we saw in 
chapter 5 there is a very compact description of the theory, no exact so- 
lutions of the non-perturbative Hamiltonian eigenvalue equation known. 
The loop equations need to be renormalized, but we do not know how to 
introduce a non-perturbative renormalization and therefore the strategy 
has been to try to solve the regularized equations and renormalize at the 
end. 

At present it seems that a significant revision of these issues could come 
from the new developments in loop techniques we mentioned in chapters 
2 and 3 The use of rigorous methods to define the loop transform and 
the measure could shed new light on many issues in non-perturbative 
Yang-Mills theories such as the issue of confinement. The expectation is 
that with the introduction of a rigorous measure one could compute the 
functional integral involved in the expectation value of the Wilson loop 
that we discussed in chapter 6, and therefore provide an exact expression 
for all the Green functions of the theory. A less ambitious hope would be 
to at least obtain a rigorous characterization of the asymptotic behaviors 
of these expressions and therefore elucidate the issue of confinement in a 
solid mathematical framework. On the other hand, the use of extended 
loops could prove a powerful tool for producing solutions to the quantum 
Hamiltonian eigenvalue problem and set a better stage to address the 
non-perturbative regularization problem. 

Historically there was a fair amount of activity in this area in the early 
1980s, prior to the introduction of extended loops and the rigorous trans- 
form but then the level of activity decayed. The expectation is that in 
the future the old results will be revised in the light of the new tech- 
niques and the hope is that many exciting new developments will take 
place. Some results are already starting to appear such as the ones men- 
tioned for Maxwell theory [72, 65] and also some non-Abelian results 
[212, 96, 211, 102, 214] (see also reference [213] for a review), but a greater 
increase of activity is needed in this area in order to exploit in full the 
possibilities offered by the new techniques. 

An appealing aspect of the use of loop variables in gauge theories is 
that if one considers interactions with matter fields, the loop variables 
are naturally adapted to the physical degrees of freedom of the theory. 
In particular the confined lines of force give rise naturally to the physical 
excitations in the confinement phase. For instance, in QCD the physical 
state space is defined in terms of loops and open paths with two or three 
quarks at the end points. These variables are respectively associated with 
the physical excitations, gluons, mesons, and barions. 

e Gauge theories on the lattice. In this area there has been sustained 
activity over the last decade. The main obstruction has always been the 
overcompleteness of the basis of loops. The proliferation of loops when 
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one considers larger lattices and higher dimensions completely washes out 
the advantages provided by the formalism. Although this difficulty can 
be remedied in part by the use of cluster expansions, the fact that the 
approximations involved are uncontrolled discourages in part a systematic 
use of them for tackling more realistic problems in 3 + 1 dimensions. 
It is still the case that the use of loops offers overall advantages over 
other Hamiltonian methods. Monte Carlo techniques are, however, at 
present more efficient overall. Again, the use of extended loops motivated 
the introduction of classical loop actions for the lattice (as discussed in 
references [72, 215, 216]). These actions allow the use of Monte Carlo 
techniques in terms of loops and have a very simple expression, being 
proportional to the quadratic area associated with the world-sheet defined 
by the evolution of the loop. This may even suggest some connections 
with string theory. 

e Topological field theories. Although topological field theories are a 
particular case of gauge theories, many special techniques and approaches 
have been developed for their study and a significant activity has taken 
place in this field in recent years. The main driving force is that, as we saw 
in chapter 10, topological field theories can be a powerful practical tool 
for the study of problems in mathematics. As an example of the recent 
results in this area, apart from the well known results of Witten we have 
mentioned in chapter 10, one can cite many results on triangulations (see 
[220] for references). For collected sets of articles see the books by Baez 
[217], Yetter [218] and Baadhio and Kauffman [219]. 

In summary, there are great opportunities for future developments in 
the application of loops to gauge theories with the possibility of obtaining 
concrete practical results that cannot be obtained by other methods. The 
future years will tell us if these expectations are fulfilled. 


12.2 Quantum gravity 


The impact of the introduction of loop techniques in quantum gravity 
has been quite great since their inception in the late 1980s. As opposed 
to gauge theories, where loop techniques are a minor part of the overall 
effort, in quantum gravity they have become one of the main approaches 
to the problem. In fact, they have significantly changed the perspective 
on many of the central issues of the field. The late 1980s and early 1990s 
has been a period of great excitement for the loop approach to quantum 
gravity and many formal, indicative results have been established: the use 
of knot theory to solve the diffeomorphism constraint, the observation that 
one could find solutions to the Wheeler-DeWitt equation, the connection 
with Chern—Simons theory and the Jones polynomial, the realization that 


12.2 Quantum gravity 305 


one can define rigorously loop transforms and the discovery of a set of 
operators that are well defined without a renormalization, which led to 
the idea of weaves. It seems that present activity is concentrating on 
putting many of these results on a more solid footing and laying out the 
basis for a solid rigorous theory of quantum gravity. Current efforts are 
also being directed towards tackling the main problems of the field: those 
of observables and time, through different kinds of approximations. The 
activity in the field at present is channeled into three main approaches, 
which we would like to comment upon separately. Dividing any field in a 
set of efforts is usually only a partial characterization and we do so here 
only to order ideas in some way. 

e The definition of a physical Hamiltonian and the use of the spin network 
basis. This approach involves choosing a matter time clock and the in- 
troduction of a topological Hamiltonian in the space of knots. One of the 
open issues at present is to provide a well defined characterization of the 
action of the Hamiltonian in the space of knots. Also checking the con- 
sistency of the constraints is a difficult task that has yet to be completed. 
The main effort is currently being directed towards the computation of 
possible topological Feynman rules arising from the proposed Hamilto- 
nian coupled to matter. The main challenge once these technical issues 
have been settled is to connect these approximation techniques effectively 
with the situations in which there is interest in exploring quantum gravity 
effects, for instance, Hawking evaporation. A subject we have barely had 
any chance to discuss in this book due to its recent nature is the use of 
spin network states to construct a basis of independent loop states (free of 
Mandelstam identities) that could also help to diagonalize many physical 
operators in the theory. It is clear that these states may have implications 
for physical predictions of the theory. They may find use in Yang-Mills 
theory as well. 

e The use of a rigorous measure to compute the loop transform and an 
inner product. This direction of research could potentially lead to a revi- 
sion of several sections of this book. It is expected that the material we 
developed here will provide the basis on which to deal with the potential 
new expressions for constraints and wavefunctions that the introduction 
of non-trivial rigorous measures in the loop transform could produce. At 
present there is great excitement due to the possibility of incorporating 
in the measure the reality conditions through the results of Hall which we 
discussed in chapter 3. Not only would this allow us to define the trans- 
form but it would also allow us to introduce a physical inner product into 
the theory, which would be a major achievement in the case of quantum 
gravity and would allow us among other things to decide which solutions 
to the constraints are normalizable. The main challenge of this approach is 
to ensure that the measures introduced produce physical theories with the 


306 12 Conclusions, present status and outlook 


expected properties. Introducing measures in infinite-dimensional spaces 
is, as we discussed, not a trivial task and therefore one has to ensure that 
what one constructs has a non-trivial content. This approach may allow 
a rigorous definition of the constraints of quantum gravity and also of the 
functional integrals of interest to knot theorists and particle physicists. 
It may also allow us to establish to what extent the connection and loop 
representations are “functional duals” of each other. 

e The use of extended loops and the extended representation. A pow- 
erful machinery has been set up to represent quantum gravity through 
extended loops. It is not clear at present if this machinery will simply 
be a calculational tool to perform computations in terms of loops or if 
extended loops are genuinely needed to represent quantum gravity. As 
a calculational tool it has proved powerful to generate solutions to the 
Wheeler—DeWitt equation and their regularization. It has introduced a 
systematic way to operate with loops, which is a valuable achievement 
in itself. In spite of the fact that there are several indications, as we 
commented in chapter 10, that loops may not be enough to represent 
gauge theories there is also evidence that extended loops are “too big” 
to represent a quantum theory. It has been pointed out [222] that simple 
examples can be constructed in which the use of extended loops leads to 
loss of gauge invariance and other serious pathologies. The root of these 
difficulties always lies in convergence problems of the extended expres- 
sions, which we have largely ignored in this book. It was inevitable that 
this should happen, since one is trying to build a “functional dual” of 
the space of connections modulo gauge transformations and it is there- 
fore unavoidable to delimit proper domains of convergence. Is the proper 
domain given by just the ordinary loops or do we inevitably need some 
of the extended elements? This is the main challenge of this approach at 
present: to find a subset of extended loops (usually referred to as “thick- 
ened out loops”) that is large enough to capture all information needed 
from the gauge theory in question and yet is not so large as to run into 
convergence problems. There are several proposals currently under study 
for such objects [21]. 

e Other ideas. Great possibilities also lie in the integration of all these 
efforts. For instance, at present it is not clear how to introduce rigor- 
ous measures for the extended loop transform. The root of this problem 
lies in the notion of independent loops that was crucial to introduce the 
cylindrical measure, which it is not clear how to generalize to extended 
loops. It appears that this difficulty is in no way fatal and some suit- 
able generalization is likely to be found. Mixing the rigorous transforms 
with the extended loops could provide a powerful tool for addressing the 
convergence problems of extended loops. Another avenue is to try to 
fuse together the ideas used to define the finite diffeomorphism invariant 
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observables and the notion of weaves with the extended representation. 
There does not seem to be any real obstruction to doing this and it seems 
to be a problem ready to be tackled. In particular the ideas of spin net- 
works that serve naturally to diagonalize some of the operators are very 
likely to have a counterpart in algebraic properties of the multitensors 
of the extended representation. Finally, exhausting the permutations of 
the above points, one could apply the rigorous measure to give a proper 
definition of the physical Hamiltonian constraint in the space of knots 
that is being proposed using the square-root techniques. This would be 
an important point since the ambiguities introduced by the addition of 
small loops in the space of knots pervade all the loop formalism, not just 
this last approach. 

e Open problems. The main open problems in canonical quantum gravity 
have for many years been the problems of time and of the interpretation in 
quantum gravity. Suppose we succeed in finding a large space of solutions 
to the Wheeler-DeWitt equation. Suppose we find non-local quantities 
that commute with the constraints. Suppose an inner product implement- 
ing the reality conditions is found. What next? Some authors hold the 
view that this is not the way to make physical sense of quantum gravity 
but that the proper way lies in identifying an “internal time” in the the- 
ory in terms of which to write it as a Schrodinger equation. There have 
been several attempts to do this, and even for simplified midi-superspace 
models [223] it has proved an elusive issue. The usual answer to these 
objections is that in order to obtain a notion of time from quantum grav- 
ity one should have recourse to the “complexity” and “many degrees of 
freedom” of the theory and therefore simplified models are too “frozen” 
to be a good arena to test these issues. Loops provide a framework in 
which “complexity” can be tabulated in a particular way, by specifying 
the degree of knottiness. As a consequence, a notion of time can be asso- 
ciated with the increase of complexity of the knottings that appear in the 
wavefunctions. This has been explored in some detail [221] with encour- 
aging results, leading to a notion of evolving Hilbert spaces. In general, 
the problem of identifying an internal clock in a system is the problem of 
choosing a suitable set of variables to describe it in terms of which such 
a clock is manifest. It may be that the new variables are better suited 
for this problem than the geometrodynamical ones, as suggested by the 
results of Ashtekar [56], or that loops may present a better picture, as 
suggested by the evolving Hilbert space construction. 

All in all we can say that several new avenues have been opened by the 
use of loops to represent quantum gauge theories and quantum gravity. 
There are many issues to be tackled before a final word can be given 
on the usefulness or otherwise of this approach. The new perspectives 
introduced in this process and the insights to several results that have 
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been provided are probably going to be a lasting contribution to physics 
and mathematics regardless of what the final theory is. 
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